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Synopsis 


The thesis entitled, Optimization of Fullerenes’ Synthesis using a Modified Reactor: The 
Chemistry of Buckminsterfullerene with Inorganic Radicals and Metal-hexacarbonyls, 
consists of eight chapters. 

A general survey of the chemistry and physico-chemical aspects of Ceo is given in 
chapter 1. 

The scope of the present work is described in chapter 2. Yield of the fullerene 
depends on the various parameters of the reactor like, (i) He- gas pressure, (ii) power re- 
quired in burning the graphite rods, (iii) others. But systematic studies are lacking in this 
area. Optimization of yield of the fullerenes’ is possible by the systematic investigation 
with the variation of these key parameters. 

The chemistry of Ceo in relevance to alkenes or arenes character has not yet ex- 
tensively investigated. Our aim in these aspects is to study the reactivity of Ceo with 
different kinds of molecules which are very reactive with the alkenes and arenes in normal 
conditions. 

Geo and other fullerenes are unstable in the day light at room temperature. However 
they are synthesized under the most exotic conditions. The difference in the stability 
between these two environments are possibly related to the presence of oxygen, humidity 
and solvent interactions at ambient conditions compared to the inert atmosphere of the 
reactor. A systematic approach in this area is helpful to investigate the chemistry related 
to the instability of Ceo and other fullerenes under laboratory conditions. 

The fabrication of a modified arc reactor and yield optimization have been described 
in chapter 3. Section 3. 1.3-3. 1.6 deals with the fabrication, optimization of the fullerenes’ 
yield and separation of Ceo from fullerenes. In section 3.1.7, soot generated from other 
sources than graphite vapourization are analyzed. Mass spectra indicates, the motif 
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‘corannulene’ is absent in these soots. The experimental observation made in section 3.1.4 
to 3.1.7 are discussed and the kinetics of fullerenes’ formation is qualitatively discussed 
in section 3.2. 

The chapter 4 deals with the reactivity of NO, NOCl, NO2, SO2 HOCl and ^62 
with Ceo- Reaction methodology and experimental details are given in section 4. 1-4.2. A 
stable compound is formed in the reaction between Ceo and NO2 which is characterized as 
poly hydroxy- poly nitro buckminsterfullerene. In the first stage of this reaction a multiple 
nitro addition occurs on Ceo which isomerizes partly to nitrito form. This nitrito group 
on subsequent hydrolysis by atmospheric moisture yields nitrofullerenols consisting of 
6-8 nitro and 7-12 hydroxy groups per Ceo- Intramolecular hydrogen bonding between 
hydroxy and nitro group is responsible for extra stability of the partially hydrolyzed 
compound. Ceo radicals are formed in the intermediate of the reaction which has been 
confirmed by EPR spectroscopy. Based on the IR, XPS, EPR, and chemical test (Griess’s 
test) a reaction mechanism has been proposed for the nitration products of the Ceo- The 
details of the above mentioned facts are discussed in section 4.3. The geometry and 
delocalization of the odd electron in the molecule is one of the determining factors to 
overlap with 7r-orbital of Ceo- In other words a type radicals are more reactive with Ceo 
than TT type of radicals and these are discussed in the section 4.4. 

Chapter 5 of the thesis deals with the thermal and photochemical interaction be- 
tween metal hexacarbonyls and Ceo- In section 5. 2. 1-5. 2.4 experimental details of these 
reactions are described. A solid product is isolated on the sunlight irradiation of Ceo ^nd 
W(CO)6 in benzene. FAB mass, X-ray photoelectron spectral data and elemental analy- 
sis of this product are given in section 5.3.1 and mass peak at 988 is assigned for the red 
brown solid with the composition [ W(CO)3(C6o)3 ]- Probable path of this reaction, i.e 
associative or dissociative, are also described in this section. Irradiation with different se- 
lective wave-length indicates that primary event is the formation of a 16-electron species 
W(CO)5. In section 5. 3. 2-5. 3.4, cyclic voltammetry and XPS results of the red brown 
solid are described. These results provide ample proof that electron is donated from the 
Ceo fo the metal center in spite of it’s high electronegativity and metal is not bonded 
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with Ceo in rj^ coordination. Local symmetry of the carbonyl moiety is determined from 
IR analysis, is presented in section 5.3.5. Section 5.3.6 deals with why Mo(C0)6 and 
Cr(CO)6 are not reacting with Ceo in the similar photolytic conditions. The importance 
of the large 5d-orbital and large spin-orbit coupling of tungsten has been discussed in 
this reaction. 

Chapter 6 deals with the role of oxygen towards Ceo and effect of solvent. Synthesis 
of 1, 2, 3, 4, 4a, 6a, 7, 8, 9, 10, dehydro dibenzo-O-dioxan (epidioxide) and attempted 
synthesis of norascaridol are given in section 6. 2. 1-6. 2. 7. These are prepared from the 
reaction between bi-l-cyclohexen-l-yl, cyclohexadiene,respectively with singlet oxygen. 
The singlet oxygen is generated by using Ceo as photosensitizer. 

X-ray photoelectron spectra and peak deconvolution analysis of C Is of pure Ceo is 
presented in section 6.3.1 and 6.3.2. In section 6.3.3, the time dependent IR spectra and 
sunlight irradiation on Ceo indicated that 1530 cm”^ band is oxygen concentration inde- 
pendent. Carbonyl or etheral absorption are not seen in sunlight irradiated samples. IR 
absorption are taken also with the repeated washing of Ceo with benzene, carbon disul- 
fide and carbon tetrachloride. These IR studies highlight that solvents are responsible 
for Ceo ca-ge destruction. 

In section 6.3.4, X-ray powder patterns of (i) freshly prepared Ceo? (ii) sunlight 
irradiated Ceo? (ih) aged Ceo under aerobic conditions and (iv) freshly prepared Ceo 
repeatedly crystallized out from benzene and carbon disulfide as solvents are recorded. 
Lattice parameters, crystal-lattice size are calculated and probable crystal structures with 
their Miller indices are assigned. 

EPR studies are given in section 6.3.5, EPR measurements of the fullerene soot have 
been carried out in the absence of light and in the presence of oxygen. Time dependent 
EPR spectra of the freshly prepared soot and Ceo recorded and analyzed. EPR 
spectra highlight that the paramagnetic species is carbon centered and oxygen is reactive 
only in the presence of light which suggested that with oxygen it froms a cluster like. 
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Electrochemistry of the Ceo thin films prepared at ambient conditions are carried 
out. The film has two reversible reduction peak and one irreversible oxidation peak. 
In continuous cycling of the voltammogram, the film activity is gradually ceases with 
continuous dropping of the current heights. On photoirradiation the 1st reduction wave 
of Ceo filni is absent. However on repeated cycling voltammograms show both the 1st 
and 2nd reduction waves similar to unexposed Ceo films. Based on these observations a 
possible mechanism for electro chemical response of Ceo oxygenated thin films and photo 
exposed oxygenated films have been proposed. This part of work is presented in section 
6.3.6. 

UV-visible spectra of the ageing Ceo been presented in section 6.3.7. Di-ethyl 
ether is not a good solvent for soot washing. The existence of Cgg at room temperature has 
been confirmed and suggested this cationic species is primarily responsible for fullerene 
degradation. 

Based on XPS, IR, XRD, EPR, electrochemistry and electronic spectral studies, it 
has been proposed that oxygen is not responsible for destruction of the Ceo cage. Instead 
oxygen encapsulated Ceo molecule which prevent it to isomerize in the presence of light. 
Solvents are incorporated in the crystal lattice during fullerene extraction from the soot 
which play the crucial role for cage destruction. The conversion of face centered cubic 
(fee) to hexagonal close packing (hep) under the influence of solvent, light and oxygen 
have been discussed. These are presented in the discussion section 6.3.9. 

Highlights and future scope of the present work are discussed in chapter 7 and 
references are given in chapter 8. 
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consist of Ceo clusters like [Cgoi e ], and the EPR spectrum of it is governed by the 
delocalized electrons over C'eo [241]. The disappearance of the EPR signal at liquid 
nitrogen temperature, as shown in figure 6.12(d) suggested that at low temperature most 
likely a polymeric aggregate like [...Cgo-Oj .••Ceo-.-Oj ••■] has formed. 

6.3.6 Electrochemistry 

Electrochemical behaviour of Ceo film is shown in Fig 6.15 (a). The films were prepared 
by evaporation of the 50 lA of 0.1 mM Geo benzene solution on the Pt-electrode ( 1mm 
diameter) surface. The benzene was evaporated very rapidly with the help of a dry air 
blower from the electrode surface for uniform film growth. Figure 6.18(a) shows the cyclic 
voltammogram contained two reduction waves at cathodic peaks potentials at -0.64 V 
and -0.96 V and three anodic peaks at -1-0.08 V, -0.46 V and -0.76 V. It shows the 1st 
reduction wave, the smaller anodic peak, splits by 180 mV form the cathodic peak and 
the large intensity peak appeared at more positive potential whidi separated by 720 mV 
from the cathodic peak. The peak potentials are presented in table 6.6 The reported 
[105] voltammogram of Cso (prepared in inert atmosphere) has two reduction waves with 
two cathodic and two anodic peaks where cathodic and anodic peak are separated by 
560 mV for 1st reduction wave and 2nd reduction wave peaks are separated by 220 mV 

in presence of same cation. 

The change in the voltammogram upon continuous cycling over the second, third 
and upto fourteen are given in figure 6.18(b). In the second scan, small anodic peak of 
the Ist reduction wave is (figure 6.18(a)) almost vanish. The other anodic peak shifts 
to 0.1 V more negative potential, however cathodic peak potential remains in the same 
position. In case of second reduction wave, the cathodic and anodic peaks potential does 
not perturb much, a minor shift (4 mV) of the cathodic peak to more negative potential 
is observed. 1st anodic peak potentials of the 1st reduction wave further shifted to 100 
mV more negative potential in the 2nd scan whereas cathodic potential remains m t e 

same positions. Moreover this cathodic peak occurred in the same potentials at 2n , r , 
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Figure 6.21: UV-Vis spectra of aging Ceo: (a) acetonitrile (b) Di-ethyl ether (c) Iso- 
propanol (200-450 nm) and (d) Iso-propanol (380-1100 nm). 
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The band at 2850 and 2950 cni“^ arises possibly the hydrogen atom shown in inset, 3 
and 4, of figure 6.26. C$o its derivative produced singlet oxygen at ambient conditions 
which easily oxidized the 5 of figure 6.26. Geometry optimization of the oxygenated Ceo 
derivatives, by Raghavachari et. al., [277] suggested that oxygen addition in the 6-5 bonds 
are energetically more favourable than 6-6 bonds. Therefore it may be cyclop entadiene 
type of intermediate , as shown in figure 6.27 4, is responsible for this cage destruction. 
This slow process for cycloaddition and oxidation of the double bond of Ceo probably 
stem from kinetic rather than thermodynamic effects. 

Conversion of hexagonal lattice from the cubic lattice is shown in figure 6.27. It 
shows when benzene approach for cycloaddition a strain is build up in the crystal and 
this indicates from the crystallite size of sunlight exposed sample, which is small (25 nm) 
compared to freshly prepared sample (40 nm). It is known smaller the crystallite size 
greater is the stress on the lattice [260, 261]. To relief this strain the crystal distorted to 
the hexagonal system which is shown in figure 6.27 C. Here two opposite face centered 
atom of (B) take the center positions. The position of the other face centered we are 
unable to detect, but they produce the stacking fault in the Hexagonal system (C). 


6.4 Conclusions 


Singlet oxygen generated using pholosencetizer Cm is more reactive towards diene, not 
molecule itself. XPS studies suggested at ambient conditions some of the upper layer of 
Cso are affected and is not oxidised strongly. The aliphatic band appear in the Ceo spec- 
trum not due to solvent impurity, instead lattice occupied solvents are interactmg ™th 
the w bond of Cso by 1,4 cycloaddition fashion. At ambient conditions, a lCeo....(0)i 
type adsorbed complex is formed. Electronic spectra, electrochemical and EPR studres 
strongly suggested that Cj, is formed. This electron deBcient Cm form a bond wrth e 
solvent benzene which is easily oxidised by oxygen or singlet oxygen. Oxygen mo ecu e 
with partial negative charge protect the Cm molecule from photo chemrcal transforma .on. 
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Chapter 1 


Introduction 


In late 1990, Kratschmer, Huffman and co-workers reported the isolation of macroscopic 
quantities of Ceo and other fullerenes [1]. The availability of significant quantities of 
fullerenes has sparked a variety of research programmes throughout the world, ranging 
from studies of the fundamental properties of the molecule to application based work 
in several industries. Probably no chemical research has attracted as much as positive 
publicity in the popular press as well as in scientific journals related to Buckminster 
fullerenes and its rapidly growing family of related molecules [2]. Cso have been awarded 
‘Molecule of the year’ for the year 1991 from Science magazine [3]. 

The molecule gained its fame in the year 1990, due to the development of bulk 
synthesis method, however buckminsterfullerene wa^ of great interest to the research 
community from the year 1985. Kroto, Smalley and their co-workers at Rice University 
observed some strange properties of the carbon clusters that the mass spectrum contained 
only even number of carbon atoms ranging from 30 to 100 and in addition, condition 
were found for the cluster having 60 carbon atoms that it’s intensity become 40 times 
as high as nearby even clusters [4]. They produced these clusters by vaporizing the 
graphite with the irradiation of pulse laser followed by instantaneous cooling with the 
jet of a He gas and finally scanned through mass spectrometer. It was proposed that 
the special cluster Ceo has the structure of a truncated icosohedron, as shown in figure 


1 



2 



Figure 1.1: The structure of Ceo, buckminsterfullerene, the archetype of the fullerene 
family. It has truncated-icosahedron symmetry, (I/i), as does the European football. 

1.1, a closed sphere of twenty hexagons and twelve pentagons where the pentagons does 
not have any adjacent pentagons and all the carbon atoms are equivalent. It wets named 
Buckminsterfullerene after the architect R. Buckminster Puller, who invented structurally 
similar geodesic domes [5]. 

1.1 Shape 

The carbon cluster was generated by laser ablation of graphite only even numbered clus- 
ters in the Ceo-Csoo ion range were present and these even-numbered species containing 
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a central cavity called ‘fullerencs’ [6]. Specifically, it was proposed that these molecules 
with the composition C 20 + 22 : can take the stable form of hollow closed nets composed of 
12 pentagons (five members rings, 5MRS) and x hexagones (six membered rings, 6MRS). 
Geometrically, the buckminsterfullerene (buckyball) is a truncated regular icosahedron 
(I/i). The truncated icosahedron is familiar to sport fans. A soccer ball is made by sewing 
together pentagonal and hexagonal patches of leather in a configuration that yields a 
truncated icosahedron. In the Ceo molecule, each vertex of the truncated icosahedron is 
occupied by (figure 1.1) a carbon atom and each atom is bonded to three other carbon 
atom along the edges of the solid. The Ceo molecule itself, with its 60 carbon atoms, 
has 12 pentagonal faces and 20 hexagonal faces. Cro, (D sh) which has oblong shapes of 
a rugby football, consists of 12 pentagons and 25 hexagons. There are smaller fullerene 
molecules such as C44, with 12 petagons and 12 hexagons and also much larger molecules, 
such as giant fullerene C540, with 12 pentagons and 260 hexagons. These number are 
not an accidental incident, it is a consequence of a theorem of the great 18th century 
mathematician L. Euler. According to it a fullerene polyhedron with n vertices, have 12 
pentagonal and (n/2 — 10) hexagonal faces and 3n/2 edges [6]. 

A large number of molecular and electronic properties of buckminsterfullerene and 
its isomer, as well as other fullerenes were reported in the following years [7]. Initially 
this proposal was hard to accept because whole initial proposition was based on mass 
spectroscopic evidence. Though experimental studies such as photoelectron spectroscopy 
of Ceo [8]? phase ultraviolet spectra [9], gas phase chemical reactivity [10] and produc- 
tion and dissociation of endohedral metal complexes of carbon cluster [11] give indication 
about the hollow cage structure of the carbon cluster. All these reports unequivocally 
support the stability, rigidity as well as geometry of the Ceo molecule. Unfortunately, 
these studies did not suggest an elegant test to confirm the structure of Ceo- However, 
calculation of the vibrational frequencies [12-15] and electronic absorption [9] of buck- 
minsterfuUerene became important for identifying it after it had been synthesized in 
quantity. 
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1.2 Availability of fullerene from various source 

1.2.1 Artificial Soot 

The buckminsterfullerene story began in intersteller space. In 1983, D. Huffman and 
Kratschmer, shared an interest in the properties of soot formed by heating graphite [18]. 
They were keen to find out if such soot could form in intersteller space [17], they heated 
graphite rods electrically in a low-pressure atmosphere of helium or argon inside a bell 
jar. Prom the resulting clouds of black smoke they collected thin layers of soot on the 
surfaces of quartz discs. They transferred these discs to a UV-visible spectrophotometer 
and noticed that their artificially produced soot showed some extra ‘humps’ in its ab- 
sorption spectrum. Kratschmer had thought that the extra humps might be due to some 
contamination of their apparatus with oil vapour from the vacuum pump, and when they 
lowered the pressure inside the bell jar, the humps did indeed become less visible. Every- 
thing seemed to point to an experimental artifact and they soon turned their attention 
elsewhere. 

In the mean time in 1985, buckminsterfullerene proposal was published and in the 
subsequent years the UV-Visible [9], IR [12, 14, 15] and photoelectron spectra [8] were 
recorded from different laboratories. At a conference in the year 1988 on intersteller dust, 
Huffman proposed that the extra humps in the ultraviolet spectrum of carbon soot, 
which he and Kratschmer had got before six years were due to buckminsterfullerene 
[16]. Afterwards they measured the mass spectrum and the ultraviolet and infrared 
absorption spectra of the soot formed in the bell-jar, which fairly closed to the prediction 
for buckminsterfullerene. They confirmed their results from the IR spectra of the soot 
from the rods of carbon- 13 [19]. 

A large number of research group were also successful to prepare the fullerene soot 
by other methods which are : 

(i) Laser ablation of graphite [20] : Graphite are vaporized by a high frequency laser 
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pulses and the resulting carbon vapours are annealed by a furnace. This experimental 
assembly is the considerable modification of the 1985’s experimental set up. In this tech- 
nique yield of the fullerenes became considerably high but the experimental set up was 
quite expensive for which this method has not gained much popularity. 

(ii) Sunlight evaporation of Graphite [21, 22] : Graphite is evaporated by sunlight radi- 
ation where flux density of sunlight is increased by a hemispherical radar. This reactor 
is expensive but near future large scale synthesis may be possible by this method. 

(iii) Radio-frequency (r.f) method [23] ; Evaporation of the graphite is done by a radio- 
frequency source. 

1.2.2 Natural soot 

Chemists are now speculating that buckminsterfullerene might be found from a lighting 
candle but still now fullerenes are not obtained from the soot produced at ambient condi- 
tions. Some research group have been able to produce fullerene soot from (i) combustion 
of benzene and acetylene in a fixed ratio of oxygen/argon [24, 25] (ii) napthalene pyrolysis 
[26] (iii) chemical vapour decomposition of the toluene extract of ether insoluble camphor 
soot [27]. 

1.2.3 Geological Samples 

On the earth, natural fullerenes Ceo and C70 have been identified in fulgurite [28] (a 
glassy rock that form where lightning strikes certain soils) and shungite [29] (a highly 
metamorphosed carbon rich rock within precanbrian sedimebts found in Karelia in Rus- 
sia). Ceo and C70 were also detected in a 1.85 billion year old Sudbury impact structure 
in Ontario, Canada [30]. The oxidation of the fullerenes during the 1.85 billion years of 
exposure was apparently prevented by the presence of sulfur in the form of sulfide-silicate 
complexes associated with the fullerenes. Fullerenes axe also found from the Cretaceous- 
Tertiary (K-T) boundary layer [31], this K-T boundary layer may have originated in the 
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extensive worldwide wildfires that were associated with the cataclysmic impact event 
that terminated the Mezozou era about 65 million year ago. 

1.2.4 Astronomical Samples 

The molecule Ceo, was discovered during laboratory experiments motivated by problems 
associated with what kind of carbon particles present in the intersteller dust [32]. Scientist 
speculated that Ceo might be abundant in clouds of red stars and therefore it belongs 
among the older molecules [33]. Recently another report came in regarding the presence 
of Cgo ion in the meteorite [34]. 


1.3 Fullerene Separation 


The soluble portion of the soot is extracted in common non-polar organic solvents by 
soxhlet technique or ultracentrifugation and the separation of Ceo and C70 are done by 
column chromatography [35-39]. Commonly, separation is achieved with hexane-toluene 
(95-5, v:v)^®“ mobile phase on neutral alumina but it is tedious and time consuming. Due 
to the low solubility of Ceo in hexane, several liters of eluent is required. State-of-the 
art of individual fullerene separation from soxhlet mixture is an active area of research 
through out the world [40]. The use of activated charcoal/silica gel columns allows the 
relatively facile separation of the gram quantities of pure Ceo 3'nd give better crystallinity 
than alumina column [41]. 

Another area for fullerene separation is the host-guest chemistry which offers the 
promise of cheap and convenient methods for the rapid isolation of highly pure fullerenes. 
The fundamental behind it is that certain cyclic host molecule posses cavities having the 
correct dimension for the inclusion of a fullerene guest. The first successful purification of 
fullerene by host-guest chemistry is published from two independent groups in the same 
year [42, 43]. Both relied on the specificity exhibited by calix[8] ajene for Ceo to develop 
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prcparatively useful methods for the purification of fullerenes. The nature of bonding 
between the host and the guest fullerene is not clear but primary interaction comes from 
one TT-bonding of one aromatic surface of one guest. The size selectivity is so important 
that in a soxhlet mixture 7-cyclodextrins (7-CD, cavity diameter 850 pm) form complex 
with Ceo- Neither the inclusion of C70 is observed, nor complex formation with a cavity 
(500 pm) or y5-CD cavity (650 pm) is detected [44]. This kind of size selective purification 
is very much useful for the specific purification of the higher fullerene. Preparation of 
tangible quantities (~lg) of C70 from a silica gel/charcoal stationary phase in the column 
chromatography mades C70 more accessible to every chemist [45]. 


1.4 The mechanism of Fullerene Formation 

Experiments using mixture of labeled graphites demonstrate that the rate of 

carbon isotope incorporation in the Ceo molecule follow the Poission distribution [46, 47]. 
This implies that in any phase of the growth process, carbon atom must be involved in 
the construction of fullerenes. After a certain number of C atom (n>30) the Cn linear 
chain formation is unfavorable than the Cn clusters formation due to entropy factor. 

Why only the even number carbon atom formed these cage structures from graphite 
sheet is a central mystery. Smalley proposed a mechanism for the formation of fullerene 
from the carbon atoms, which is known as ‘pentagonal road model’, and is widely accept- 
able mechanism till date [48]. Carbon atoms in graphite are arranged in a honeycomb 
pattern of hexagons, and the plane was tilted in a flat sheet during vaporization. Any 
atom in the interior of such a sheet at the edge have dangling bonds that are highly re- 
active. One way to accommodate the dangling bonds is the sheet to curl, so that nearby 
hexagons are brought together. According to ‘pentagonal road model’ energetically most 
favourable form of an arbitrary graphite sheet is characterized by (1) only five and six- 
membered ring as structural elements (2) as many five membered rings as possible and 
(3) an avoidance of unstable pentalene units [48]. 
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Figure 1.2: Compound (3), substructure of Ceo • 

Reactive components are mixed with the buffer gas helium, the compound are pro- 
duced in this process give indication about the possible intermediates of the fullerenes 
formation. When graphite vaporization is performed in the presence of CI 2 , besides small 
amount of fullerene (<5%), the perchlorinated cyclic compounds 1-3 are isolated in good 
yields [49] which is shown in figure 1.2. The decachloroannulene (3), is the essential part- 
of the fullerene structure. This five membered ring in the above structure supports the 
pentagonal-road mechanism. 

Bowers et. al. from their ‘gas phase ion chromatography’ experiments proposed 
another mechanism for the formation of fullerene which is known as ‘fullerene road model’ 
[50]. This ion chromatograph can separate ions that have the same mass but differ 
in isomeric structure of electronic configuration. In figure 1.3 these results axe shown 
schematically. This scheme highlight caxbon initially from linear chains followed by 
planar rings system and collisions between the size selective rings produce the fullerenes 
[51, 52]. 

Fullerenes axe synthesized during graphite vaporization only under a narrow set of 
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n~10 

** Monocyclic Rings 


Figure 1.3: Scheme of the fullerene formation, during graphite vaporisation. 

experimental conditions. Both temperature of the plasma and pressure of the helium gas 
are critical for fullerene formation [53]. The readiness with which buckminsterfullerene 
formed in high temperature plasma is a big question to the scientist. Though a number of 
possible mechanism have been reported but no complete answer is still emerged about how 
fullerenes actually grow and form. Most astonishing fact is that under which condition 
fullerene is created, at plasma temperature of over 3000°C where the TAS term should 
favour the creation of highly symmetric molecules over the structurally little organized 
carbon vapour [54]. 


Graphite - 
n>20 


Laser ^ Atoms and 
hv Small Fragments” 

Planar Polycyclic n^30 
Rings 


Linear Chains- 


^ fullerenes 


1.5 Electronic Structure of Ceo 

If the fullerenes are composed solely of conjugated six-membered rings (6MR) such as 
occurs in benzene and graphite, they would be like an alternate hydrocarbons. In that 
case the energy levels of the occupied and unoccupied molecular orbitals (HOMO and 
LUMO) axe symmetrically disposed about the energy zero. The homologation of benzene 
rings are ultimately produced a surface like graphite. 

In the graphite vaporization (fullerene preparation) a large number of dangling 
bonds are produced and in order to remove the dangling bonds entirely, the edges of the 
surface must be eliminated, and this requires the surface to close on itself to produce 
a spheroid. The curvature imposed on the surface modified the electronic structure 
of the sheet in two ways [55-60], (i) electronic structure of the carbon atoms and (2) 
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bonding in the cluster. The curvature of the surface at a carbon atom is expressed 
by the pyramidalization angle {{Om — 90)°] [57, 58], which is shown figure 1.4. As the 
a bonds at a conjugated carbon atom deviate from planarity, the primary effect is a 
change in hybridization, a rehybridization of the carbon atom takes place so that a tt 
orbital is no longer of purely p-orbital character and the (7-orbital no longer contain all 
of the s - orbital character. Figure 1.4 shows, the extent of hybridization depends on the 
pyramidalization angle. It shows the fullerenes are of intermediate hybridization ( s”^p ) 
[56, 58] where, 

2sm‘^{d^jr — 7r/2) 

YYl II I I. ■ I -II, I 

1 - 3sin^(0^,r - Tr/2) 

This equation shows that a constant amount of s character mixed into the tt- molecular 
orbitals formed from the carbon atomic orbitals of Ceo- 

In figure 1.5 the non alternate character of Ceo is reflected in the asymmetric distri- 
bution of the (HOMO) and (LUMO) about the zero of energy [55]. In Ceo there are three 
MOs at -0.139 /? (ti^) and three at -0.382 ^ (ti^), and thus it is suggesting that it will add 
up to twelve electrons under suitable conditions. However, calculated reactivity index 
is low, this suggest that the molecule ha^ sufficient resistance from the chemical attack. 
Ceo in its ground state has a lot of degenerate orbitals however on electron addition the 
LUMO will not undergo a distortion to a point group of lower symmetry as a result of 
the second-order Jahn-Teller effect [55]. 

Since its discovery in 1985, Ceo has been the subject of many quantum mechanical 
calculations [55-66].In fact, the free electron model highlight’s the essential feature of the 
electronic structure of the molecule e.g the symmetry and the associated degeneracy of all 
the molecular orbitals. The bond lengths are calculated by several molecular orbital (MO) 
calculations which is given in table 1.1. These calculation also provided reliable structural 
and spectral parameters, in particular those associated with vibrational, electronic and 
photoelectron spectra. All the calculation have predicted the two distinct bond lengths, 
close-shell ground state and appreciable HOMO-LUMO gap. 
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Figure 1.4: Relationship between the a — cj and cr — tt interorbital angles and the hy- 
bridization at a carbon atom between the extremes of planar and tetrahedral geometry 
in C 3 „. 
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Figure 1.5; Hiickel molecular orbital, energy levels in units of Occupation of an orbital 
is denoted by solid arrows, levels refer to irreducible representation of the icosahedral 
point group 
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Table 1.1: Calculated and experimental bond length (A°) of Cgo- 


Calculated 

Method 

ri/6-6 

r2/6-5 

References 

MNDO 

1.400 

1.474 

[61] 

AMI 

1.385 

1.464 

[62] 

PRDDO 

1.360 

1.436 

[63] 

HF/STO-36 

1.376 

1.463 

[64] 

HF/DZP 

1.372 

1.453 

[65] 

HF/TZP 

1.370 

1.445 

[66] 

MPZ 

1.405 

1.445 

[66] 

Experimental 

Solid state 

1.40 

1.45 

[67] 

NMR 




Single crystal 

1.340 


[68] 

X-ray diffrac. 




Electron diffrac. 

1.401 

1.458 

[69] 

Neutron powder 

1.366-1.412 

1.420-1.487 

[70] 

diffraction 

or 1.391 

or 1.455 



1.6 Thermodynamic and Kinetic Stability 

Solid Ceo has remarkable stability and can be sublimed without decomposition at 400°C 
under reduced pressure[71]. The thermodynamic stability of Ceo by a variety of quantum 
mechanical and molecular mechanics methods produced greatly diverging results; the 
calculated heat of formation AH/° at 298 K vary between 973 kcal mol"^ (16.2 kcal 
mol“^ per carbon atom) to 263 kcal mol"^ [71-74]. But most reasonable value seems 
to be resolved by Beckhans et.al by their combustion studies of highly pure crystalline 
Ceo which provide AHy = 544.99 kcal mol~^. This experimental result is in good 
agreement with the A H/° calculated from MM3 force field [73]. Despite this large 
thermodynamic instability, crystalline Ceo is kinetically a perfect stable molecule under 
ambient conditions. 

Ion-beam collision experiments, in which Ceo"^ or Ceo” collides with silicon or 
graphite surface at speeds up to 50000 km/hr show high inelasticity of the ions, but 
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no evidence for impact induced fragmentation [75] This behavior differs from the other 
molecules or similar sized cluster ions that have been tested, including benzene and 
napthalene, which show fragmentation under these drastic conditions suggested that the 
Ceo structural framework is highly stable. The face centered cubic (fee) structure of Ceo 
are stable upon hydrostatic compression to at least 20 GPa indicating bulk Ceo is a solid 
composed of extremely hard pseudospherical molecules bonded by weak Vander Waals 
interaction [76]. 

1.6.1 Valence Bond Approach 

The extra stability of the fullerene molecule is best described by the valence bond theory. 
The validity of the application of the Huckel rule to three dimensional structure is still 
not clear. According to (4n+2)7r electrons, C50 and C70 are predicted to be aromatic 
and presumably more stable than other fullerenes. Ironically Ceo is the most stable 
among the fullerene family. Therefore application of the Huckel rule alone as a guide to 
stability will be unsatisfactory. Polyaromatic hydrocarbons with five and six membered 
rings are abundant but three and four-membered rings are very unstable and higher 
membered rings are likely to occur readily where cages must contain 12 five membered 
rings with variable hexagons according to Euller rule. The bonding or connectivity in 
a big molecule is difficult to understand for that Randic suggested the nature of the 
smallest circuit within a molecule reflects the overall classification and behavior [77]. 

Closed-cell electronic structures are likely to be preferred and cages with 60 + 6k 
atoms (where k is 0 or 2) can have close-ceU electronic structure [60]. The networks 
should conform to the usual valence requirements of carbon, in that each atom should 
be three connected to other atoms by one double and two single bonds therefore many 
resonance structure axe possible [78]. 

The corannulene (4 ) is one of the motif of the Ceo molecule, is shown in figure 1.6, 
indicates that the structure in which pentagon is completely surrounded by hexagon is 
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Figure 1.6: Corannulene (4), the motif of Cso molecule. 



Figure 1.7: Pentagonal family, with the increase in number of fused pentagonal rings, 
systems are become highly strained (strain increases according to the order (5-8). 

stable [79]. This observation suggests that a cage in which all 12 pentagons are completely 
surrounded by hexagons has optimum stability and one in which pentagons are fused, 
likely to be less stable. When fused pentagons are considered the local strain increases 
according to the order (5-8), as shown in the figure 1.7. This is known as isolation 
pentagonal rule (IPR) and is very rational for the stability of fullerene, its isomers and 
fullerene derivatives. 

Ceo and higher fullerene can have large number of isomers and according to Taylor, 
the most stable isomer is that containing the highest number of benzenoid rings i.e. those 
with alternating double and single bonds with all exo-cyclic bonds single, are ideally 
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Figure 1.8: Ideal aromatic system (9) for fused system. 10 for meta, 11 for para and 
12 for ortho fused system. 

aromatic [80, 81]. From the above criteria it was considered in a ‘meta’ relationship 
(10, figure 1.8 ) this allows for the ideal bond distribution in the adjacent hexagonal 
rings. In contrast if they are in a ‘para’ or ‘ortho’ relationship (11, 12, figure 1.8 ) the 
ideal bond distribution cannot be achieved. So, it is possible to account for the stability 
of the fullerene by applying the method hitherto applied to planar aromatics i.e, the 
highest proportion of benzenoid ring are the most stable. Only Ceo has this perfect bond 
alternation in each of its twenty hexagonal rings and is thus the most stable fullerene. 


1.7 Vibrational and Raman Spectra 

The high symmetry of Ceo makes IR and Raman spectra to be unusually simple. There 
are 174 normal modes in Ceo, many have identical energies, and so they cannot be dis- 
tinguished from one another in the spectrum. There are 46 potentially distinguishable 
vibrational energy levels, but group theoretical arguments show only four three-fold de- 
generate tiu vibrations give rise to observable lines in the infrared spectrum [15, 82, 83]. 
After Ceo was available in quantity Kratschmer and co-workers^ measured its infrared 
spectrum, which agreed with the theoretical calculations of the Ceo vibrational frequen- 
cies. 


The molecule has only two degrees of freedom that conserve I/i symmetry and is 
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Table 1.2: Ceo infrared line position (cm and Raman line position (cm 


VIR 

^ Raman 

Assignment 


273 

squashing 


437 



496 

Ag breathing 

527 


Tiu IR active 

577 


Tiu IR active 


710 

H, 


774 

H. 


1099 

H, 

1183 


Tiu IR active 


1250 

H, 


1428 

H, 

1428 


Tiu IR active 


1470 

Ag Pent pinch 


1575 



responsible for the Raman spectrum. These motions are symmetric bond stretching and 
antisymmetric bond stretching between 5 and 6 MRS. These &g motions, especially the 
antisymmetric mode, give prominent spontaneous Raman spectrurn. There are several 
hj modes, which also have allowed Raman spectral band. The observed IR and Raman 
absorption bands are given in table 1.2 [83]. 


1.8 Solubility 

The solubility of Ceo and other fullerene is of both practical and fundamental interest 
and the solubility of Ceo in organic solvent plays a crucial role in the extraction, chro- 
matographic separation and reaction in solvent media. Ceo is essentially not soluble in 
polar and H-bonding solvents like acetone, THF, MeCN, nitromethane, methanol and 
ethanol [84, 85]. It is sparingly soluble in alkane like pentane, hexane and decane with 
the solubility increasing with the number of carbons. Solubility of Ceo ii^ different solvent 
is shown in Table 1.3. (ref. 35b) Fullerene with their unique cage structures, are interact 
with solvents in interesting ways that would provide new information on the mechanism of 



Table 1.3: Solubility of Cso in various solvents 


Solvent 

[Ceo] mg/ml 

e 

Alkanes 



n-pentane 

0.005 

1.84 

n- Hexane 

0.043 

1.89 

Cyclohexane 

0.036 

2.02 

Decalins 

4.6 

2.20 

Haloalkanes 



Dichloromethane 

0.26 

9.08 

Chloroform 

0.16 

4.81 

Caxbon-tetrachloride 

0.32 

2.24 

Trichloroethylene 

1.4 

3.40 

1 ,1 52,2-Tetrachloroethane 

5.3 

8.20 

Polar 



Methanol 

0.00 

33.62 

Ethanol 

0.001 

24.30 

Acetone 

0.001 

20.70 

Acetonitrile 

0.000 

37.50 

Benzene 



Benzene 

1.7 

2.28 

Toluene 

2.8 

2.44 

Xylenes 

5.2 

2.40 

Tetralin 

16 

2.76 

Benzonitrile 

0.41 

25.60 

Bromobenzene 

3.3 

5.40 

1 ,2-(iichlorobenzene 

27 

9.93 

Chlorobenzene 

7 

5.71 

Napthalene 



1-Methyl napthalene 

33 

2.92 

Dimethyl napthalene 

36 

2.90 

1-Phenyl napthalene 

50 

2.50 

1-Chloro napthalene 

51 

5.00 

Miscellaneous 



Carbon disulfide 

7.9 

2.64 

THE 

0.000 

7.60 

Pyridine 

0.89 

12.30 
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solute-solvent interactions. The fullerenes have rigid, well defined geometries, in contrast 
to other solutes whose shapes undergo conformational changes and whose intramolecular 
vibrational partition functions may undergo large and solvent dependent changes. 


1.9 Photochemical and Photophysical Properties of 

Ceo 

Buckminsterfullerene possesses interesting photophysical and photochemical properties 
due to it’s I/i symmetry where carbon atoms are connected to each other by sp^ and x 
bonds. 

1.9.1 Electronic Absorption Spectra 

Hare et. al. [86] and Ajie et.al. [35] reported the UV-Visible spectrum of chromato- 
graphically separated Ceo in n-hexane and toluene. The wave length maxima for Ceo 
and their molar extinction coefficients are given in Table 1.4. Spectral regions of Ceo in 
n-hexane in the range (200-700 nm) have been categorized as follows [87] 

(i) The strong band region between 190 and 350 nm which has 3 intense peahs at 211, 
256 and 328 nm arises due to the dipole allowed transitions -^^Tju of Ceo- In addi- 
tion, there are shoulders or inflexsions arise at 195, 227 and 295 nm due to ^A^ — ^-^Tiu 
transitions. 

(ii) A region of much weaker bands between 350 and 430 nm some of which are sharp 
structured and appears to be due to electronic transitions exhibiting some vibrational 
structure due to dipole forbidden ^A^ — »-^T 2 u transitions. 

(iii) A broad weak continuum between 430 and 640 nm, whose maximum is at about 540 
nm, which is superposed by several peaks and some weaks shoulders. These bands are 
appeared due to dipole forbidden vibronic ^Aj — s-^Ti^ transitions. Three extremely weak 
bands also reported in between 640 and 690 nm. 

Overall the visible absorption spectrum contains vibrational structure from one or two 
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Table 1.4; Wave-lengths and molar extinction coefficients of Ceo, in electronic absorption 
spectrum. 


UV-visible spectrum in the ground state 

^max (^^) 

e (dm^mol“^cm~^) 

213, 257, 327 

135000, 175000, 51000 

ref. [86] 

Singlet Singlet absorption spectrum 

^max (^®^) 

e (dm^ mol~^ cm“^ 

513, 759, 885 

5400, 3700, 6300 

ref.[88, 91] 

Triplet Triplet absorption spectrum 

^max (^^) 

e (dm^ mol“^ cm“^ 

457, 509, 747 

3400, 3000, 1500 

ref. [88, 89] 


Table 1.5: Photophysical properties of Cep. 




References 

Singlet energy 

Triplet energy 

Singlet decay rate constants 
Triplet decay rate constants 
Fluorescence quantum yield 

46.1 Kcal mol ’• 
37.5 Kcal mol"’’ 
7.2 X 10® S-’ 

(2.1 X lO-* S-’ 
2x10-^; 2.2x10"^ 
n-hexane; toluene 

[88] 

[88] 

[92, 94] 
[91, 94] 
[93] 


forbidden electronic transitions. The combination of transparency (420-440) nm and in 
the red (> 635 nm) regions give dilute solution a distinct purple colour to the eye. 

1.9.2 Excited State Properties 

The excited electronic structure of fullerene is still now unclear. Ceo give a weak fluores- 
cence which is observed in the room temperature in n-hexane and toluene solution [88]. 
However weak phosphorascence has been seen in the liquid helium temperature for Ceoi 
suggesting a triplet is formed in high yield [90]. The triplet state of Cgo is efficiently 
quenched by ^©2 in air saturated benzene. The singlet-triplet splitting in Cgo is small 
due to large diameter, and large spin-orbital interaction governs the intersystem crossing 
(ISC) near quantitatively. 

Ceo dissolved as monomers in solution (liquid or glassy) exhibits properties reminiscent 
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C60 


hv Intersystem . Triplet quencher (Q) 

^^Ceo ^ — ►sceo — ^ 

1 2 V!X°2) 


Clcn 


r\ ^ 


1. Fluorescence 

2. Phosphorescence 

3. Energy transfer 


Figure 1.9; Scheme, photochemical reaction, of Ceo 


of aromatic molecules. Degenerate states (figure 1.5) are subjected to Jahn-Teller (JT) 
distortion when electron are excited from the ground state. As molecular orbitals are 
delocalized over a relatively large surface area (Ceo is roughly 10 A° in diameter), then 
any Jahn-Teller distortion which occur will be weak. Ceo does distort along Jahn-Teller 
active co-ordinates on excitation into one of its low-lying triplet orbitals which is either 
the LUMO or to the next lowest, which is also threefold degenerate. However quantum 
mechanical calculation by Negri et. al [82] and Raman-Spectrum of the photo excited 
species [95] suggest h^ mode is the most strongly involved in the Jahn-Teller active dis- 
tortion. 


Extensive conjugation makes Ceo s- highly optically important material for practical 
application, initial result from different workers suggest that Ceo and higher fullerenes can 
be used as optical limiters [96], i.e. after the threshold light energy it becomes opaque. It 
can be used as photo conductor [97] in a polymer host, and also in solar-energy conversion 
[98]. 


1.10 Electrochemical Properties of Ceo 


A property which governs the chemical reactions of Ceo and C 70 is that upto six electrons 
can be added, reversibly. Because delocalization of electrons is poor in the fullerenes. 
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Figure 1.10; Paracyclene unit of CeO) the driving force for attaining aromaticity 

the addition pattern (figure 1.10) suggest a localized structureallam. There are six pyra- 
cyclene unit in Ceo (a 4n7r system) so it is accounted that each unit would provide a 
driving force for the capture of up to two electrons either by direct electron transfer to 
give a ( 4 n+ 2 ) 7 r electrons containing dianion or in the form of a lone pair to give ‘cy- 
clopentadienide’ monoadduct [99] which is given in figure 1.10 These pyracyclene units 
arranged octahedrally and the driving force for octahedral addition is in the creation of 
eight isolated benzenoid rings in Ceo- 

Ceo and C 70 are oxidising agents due to their low-lying LUMO orbitalswudhacc. Sev- 
eral voltammetric studies of Ceo and C70 dissolved in nonpolar solvents such as CeHe, 
CH 2 CI 2 , THF, etc. containing quaternary ammonium salts as supporting electrolytes 
axe reported [100-102]. Generally the reduction is characterized by a series of reversible 
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cyclic voltammetric (CV) waves representing stepwise one-electron reduction. Six such 
waves have been reported for Cso in CeHe/CHsCN mixed solvent at temp -10°C [103]. 
Reduced form of Ceo in these solvents and electrolytes are stable and remained soluble on 
the CV time scale. A complex oxidation reaction occurs in benzonitrile solvent at quite 
positive potential in a multielectron irreversible CV wave and highlighting the instability 
of radical cation [102]. 

Electrochemical studies showed that Ceo is a very strong oxidizing agent, comparable 
to methyl viologen and flavin chromophores, and its 1st reduction ( Eo= -180 mV in THE 
against Ag/AgCl ) is at least IV more positive potential than those of most polycylic 
aromatic hydrocarbons [104] . The electrochemical behaviour of thin film of Ceo is very 
different than that of dissolved species [105, 106]. The cyclic voltammogram of it was 
carried out in acetonitrile solution containing quaternary ammonium (R 4 N‘*') salts in 
which Ceo is not soluble and a stepwise reduction is seen in these films. The film behavior 
is considerably more complex than the dissolved species. 

1.11 Aromaticity 

Smalley and co-workers have suggested in their first paper that Ceo be the first example of 
a ‘spheroidal aromatic molecule’ [4]. Aromaticity is a chemical concept and lot of debates 
in the literature regarding the definition of aromaticity exists. Most widely acceptable 
definition of the aromaticity is if a compound ‘sustains an induced 7r-electron ring current 
and the magnitude of this ring current is tahen to be the quantitative measurement of 
aromaticity’ [107, 108]. Magnetic susceptibility value [109, 110] of Ceo is lower than 
typical aromatic molecule like benzene and the value is well matched the theoretical 
calculation [107]. Sensitivity of the magnetic susceptibility of Ceo depends on the relative 
strength of the two inequivalent bonds in the molecule. 

Anisotropic nature of the carbon chemical shift in ^^C NMR give the quantitative 
picture of the aromaticity and in that respect ^^C NMR at low temperature shows peaks 
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Figure 1.11: Planar substructure of Ceo i-e. Poly-alkene (16), [5] radialene (17), and 
paracyclene (18). 

at 220, 180, and 40 ppm, justify it’s aromatic nature [111]. However due to orienta- 
tional disorder a sharp signal at 143 ppm at room temperature, proves the more alkene 
character [67, 112]. Haddon and co-workers concluded that it may be difficult to fit the 
fullerene into traditional aromatic or nonaromatic categories. Overall, the Ceo 5MR ring 
is paramagnetic and 6MR ring is diamagnetic which indicate that it constitutes a class 
of compounds of ‘ambiguous aromatic character’ [107, 113]. 



1.12 Chemistry of Buckminsterfullerene 

Initially it was assumed that Ceo would be an extremely stable aromatic molecule and 
this was supported by the calculation that there are 12,500 resonating structures possible 
for Ceo [78]. But initially everyone overlooks the most important aspects of strained five 
membered rings adjacent to benzenoid rings which have tendency to avoid double bonds 
in the pentagonal rings. Therefore overall delocalization is poor and Ceo’s chemistry is 
mainly governed by local and global strained which is inherent in the molecule. 

The chemistry of Ceo has been characterized as that of an electron deficient polyalkene 
without significant delocalization. The figure 1.11 shows the sub-structure [5]radialene, 
Pyracyclene, and poyalkenes are the model compounds for chemical reactivity of Ceo stud- 
ies [114]. The fullerene without boundary conditions are, use as an ideal graphite sheet, 
there are no peripheral atoms to serve as sites of preferred reactivity. After the macro- 
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scopic isolation of Ceo its chemistry is extensively studied. So far numerous chemical 
derivatization of fullerene is reported [115-117] in the literature which fall in the category 
of (a) gas phase reactions (b) organometallic complexes (c) charge- transfer complexes (d) 
organic compounds (e) biologically active compounds. 

1.12.1 Gas Phase Reactivity 

Oxygen and methylene adducts of Cgo and C70 have been synthesized [118]. Photochem- 
ical processes are introduced and the amount of adducts could be increased by the use 
of UV-irradiation during the various stages of preparation and extraction. Under certain 
conditions a series of C6o'''(CH2)n, where n=l-6, are produced. Irradiation of the ether 
washed Ceo or C70 gave a new photochemical reaction, leading to a series of (C6o)On with 
n=2-5[118]. 

Ceo"^ and C7o'*’ have shown enhanced reactivity when generated in situ with Fe(CO)5 
in the gas phase. Fe(CO)4C6o''’ and Fe(CO)3C6o''’ are produced in about equal amounts 
when isolated Ceo'*’ is allowed to react, however in the case of Cr(C0)6 no reaction was 
observed. Collision induced decay (CID) of the Fe(CO)4C6o'*' product shows consecutive 
loss of carbon monoxide molecule to give finally FeCeo'*’ [120]. 

The synthesis of bis-(C6o)2Ni'*' in the gas phase and its observation at longer trapping 
time in the fourier transform mass spectrometer suggest that this species is quite stable 
[121]. Doubly charged gas-phase anions are fairly rare but Ceo formed quite easily Ceo"^ 
in the gas phase [122]. Very little is known on the reactivity of Ceo with small molecules. 
Gas phase reactivity studies suggest that Ceo and C70 are unreactive with NO, CO, SO2 
and NH3. But Ceo reacts very slowly with H2 and O2 at partial pressure up to 120 Torr 
in a laser vaporization plasma [123]. 
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1.12.2 Organo metallic Complexes 

Ceo is a versatile ligand for the generation of unusual organometallic complexes. The 
first characterization mono adduct [C 6 o(OS 04 )( 4 -tert-butyl pyridine) 2 ] was reported by 
Hawkins et.al [124]. It’s X-ray crystal structure, shown in figure 1.12 , confirmed the 
soccerball shape of Ceo- The O-Os-0 unit is added regioselectivily exclusively at a double 
bond common to two annelated six-membered rings (6-6 bond) in the fullerene framework. 
This structural analysis also provide the important finding that the 6-6 bonds (double 
bonds) are shorter than the bonds common to both a five and a six-membered rings 
(5-6 bonds), which have single bond character. According to this, Ceo can be described 
topologically by annelated cyclohexatriene and [5] radialene units. The complex with 
electron rich Pt [125] and Ir [126] fragments and the structural analysis of the resulting Ceo 
adducts indicate that Ceo function as an electron poor olefin. The electron distribution in 
these complexes is similar to that in [02lr(C0)Cl(PPh3)2]. Sixfold platinum substituted 
derivative [Et 3 P 2 Pt] 6 Ceo (figure 1.13) is remarkable in a number of respects as [125]: 

(a) This is the first example of multiple substituted fullerene with metal fragments. 

(b) Its X-ray crystal structure ajcialysis proves that the six platinum complex fragments 
are added to Ceo iu an octahedral fashion with the point group symmetry T^. 

(c) Complex occurs exclusively on the 6MR - 6MR double bonds ajid a maximum of 
six such fragments attached to the framework due to (Et 3 P) 2 Pt moiety blocks the four 
adjacent C=C bonds. 

1.12.3 Charge- Transfer Complexes 

One important feature of the fullerenes (Ceo and C70) is their ready and reversible uptake 
of upto six electrons. This high electron affinity is exploited in the first chemical modifi- 
cation of Ceo in the preparation of superconductors like K 3 C 605 Rb 3 C 6 o etc. [127, 58] and 
ferromagnets [TDAE]C6o [TDAE = tetrakis (dimethylamino) ethylene] [128] and these 
were prepared by charge transfer with electropositive metals and organic donor molecules 
respectively. 
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Figure 1.12; X-ray crystal structure of [C 6 o(OS 04 )( 4 -tert-butyl pyridine) 2 ] 
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A =1.497 (±0.007) I I A = 1.46 0(± 0.006) A 

B= 1.482 (±0.0 15) A M B = 1.475 (±0.007) A 

C =1.380(±O.O14)A Jl C = 1.390 (±0.006) X 

D = 1.473 (±0.01 6) X D = 1.460(±0.006)X 

E = 1.425 (±0.014) X E = 1.431 (±0.005) A 


Figure 1 . 13 : X-ray crystal structure of [Et3P2Pt]6C6o 
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An abinitio calculations predicted that both Cgo" and are in bonding states. A 
crystalline (tpp)Chromiurn(III) complex [tpp = tetraphenyl porphyrinato) with Ceo” as 
counter ion was reported and position of the equilibrium in this system was dramatically 
influenced by the solvent. Spectroscopic data indicate that AF^^(tpp) also react with Ceo 
by electron transfer, producing Ceo”- The synthesis of Ceo"” salts from Ceo requires very 
precise stoichiometric control of a strong reducing agent and moreover the selection of a 
strong reducing agent at ~ 0.45V window for the appropriate stability of each Ceo"” ion 
[129-131]. Cobaltocene and sodium are used as reducing agent to produce C6o^”)C6o^” 
and Ceo^” and a judicious choice of cation produces a series of charge transfer salt, 
like [Na(crown)(THF) 2 ][C 6 o]; [Na(crown)(THF)^]^[C 6 o '• The magnetic properties of the 
above mentioned salts are very much puzzling. The Jahn-Teller distortion of Ceo” has 
been studied both theoretically and experimentally. The electronic ground state (^Ti^) 
as well as the first excited state (^Ti^) of symmetry are subject to the symmetry 
lowering resulting to distortion to Dsj symmetry [130]. 

1.12.4 Hydrogenaton 

The first derivatization of Ceo wa.s achieved with the Birch reduction which gave colourless 
CeoHse [132]. However the simplest hydrocarbon derivative of Ceo, C 60 H 2 was obtained by 
the addition of BH3 and acid hydrolysis of the initial hydrocarbon product, C 6 oH(BH 3 ), 
with acetic acid [133]. More controlled anion formation also obtained from the reaction 
of Ceo with t-butyl-lithium [134]. The product was t-buCeo (where Bu = C 4 H 9 ) with 
small amounts of (t-Bu)„Ceo"” (n = 2 - 6 ) and in the presence of acid gave hydrogenated 
Ceo- t-buHCeo exit in two isomers but one of the isomers is less stable. t-BuHCeo is a 
very strong organic acid (pkn = 5.7) with a weak (71 Real mol“^) C-H bond dissociation 
energy [135]. The MNDO/PM-3 calculation for C 60 H 2 predicted that the most stable 
structure corresponds to 1,2 addition than 1,4 addition isomer [136]. 
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1.12.5 Halogenation 

The chlorination and bromination of fullerenes were first shown by Olah et.al [137]. 
Fluorination and chlorination of Ceo gave a mixture of products which was still unchar- 
acterized. Fluorination of Ceo occurred in most uncontrolled manner resulting in the 
formation of mixtures of C 6 oF 36 ,C 6 oF 34 ,C 6 oF 4 o [138] and even some groups reported the 
formation of CeoFeo [139]. The bromine addition products CeoBre [140], CeoBrg [140], 
C 6 oBr 24 [141] were crystallized and their crystal structures have also been reported. Here 
the crystal structure of CeoBra is shown in figure 1.15. Bromination occurred preferen- 
tially in a 1,4 addition for steric reasons. The 1,4 addition mode is attributed due to 
the large spatial requirements of bromine atoms [142]. Halogen derivatives are key in- 
termediates in organic synthesis. At present fullerene bromination is the most controlled 
halogenation, but gives the most insoluble derivatives. Fluro derivatives are very soluble 
and reactive also. Local density functional calculation suggests that the 1,2 addition is 
favoured for F, Cl where as the 1,4 addition is favoured in the case of Br and I. The 
geometry optimization in C 60 X 2 , where X= F, Cl, Br, and I, from MNDO calculations 
suggests that eclipsing interaction in 1, 2 C 60 X 2 and the electronic effect due to placing 
a double bond in a five membered ring in 1, 4 C 60 X 2 determines the preference for 1, 2 
or 1, 4 addition [142]. 

1.12.6 Cycloaddition 

The electron withdrawing nature of fullerenes makes them distinctly electrophilic and 
dieno/dipolarophilic for Diels - Alder cycloaddition which takes place readily [143]. Sto- 
ichiometric controlled reaction of diazoalkane and diazoacetates with Ceo give methano- 
bridged [60]fullerene and the primary intermediate of these reaction is [3-f2] cycloaddition 
product i.e dihydropyrazole [99]. In these processes various types of ‘fulleroids’ are formed 
[99, 117, 144] like 

(a) opened tt - homoaromatic bridged at 5-6 ring juncture 

(b) open TT - homoaromatic at a 6-6 ring juncture 
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(c) (7 - homoaromatic at the 6-6 ring juncture and 

(d) open azo-fulleroids. 

Notable cycloaddition product Wcls obtained by the UV - irradiation of solid Ceo in the 
absence of oxygen yielding a polymeric product (C6o)n (n< 20). This was a case of 
photochemically allowed (2+2) cycloaddition [145]. 

1.12.7 Oxygenation 

Wood et.al. [118] have suggested from their collision activated dissociation (CAD) ex- 
periments that Ceo a^nd C70 are very much reacting with oxygen and finally concluded 
that these adducts are covalently bonded. Ceo epoxide was isolated and characterized by 
two groups independently the following methods. 

(a) UV-irradiation in a oxygen saturated Ceo solution, in benzene, predominantly give 
CeoO epoxide [146]. 

(b) Epoxide and 1,3 - dioxolane are formed when Ceo are reacted with dimethyldioxirane 
[147], 

In the presence of ppm level O2 during graphite vapourization fullerne has been oxidized 
to oxido-fullerene [148]. Still now the nature of O2 addition is unclear. It was also pro- 
posed that the fullerene cage can be opened by the combined effect of oxygen and low 
energy light [149]. 

1.12.8 Free Radical Addition 

Extensive investigation of the reaction of radicals with Ceo and C70 were performed by 
ESR spectroscopy. The radicals. Me', Ph', PhS', PhCH2', CBra', CCla', CFa' and MeaCO' 
react readily with Ceo [150]. The molecule Ceo has 30 carbon-carbon double bonds to 
which free radical can be added. Multiple additions product from the above radicals 
have been reported. But most pioneering work on radical derivatives is photochemically 
generated benzyl radicals which produce radical and non radical adducts like RnCeo (R 
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Figure 1.14: Cyclopentadienyl (20) and allylic radical (19) are the two type of radical 
easily fromed in the Ceo surface. 

= C 6 HsCH 2 ) with n = 1 to 15. Radical adducts with n = 3 and 5 are stable above 
50°C [151] and it was inferred from EPR spectroscopy that the allylic RsCeo and cy- 
clopentadienyl RsCeo radicals formed (figure 1.14). These radicals are highly localized 
as the extensive delocalization would mean putting double bonds in pentagonal rings. 
Another factor that also governs the extraordinary stability of these radicals can be at- 
tributed due to the steric protection of the surface radicals site by surrounding benzyl 
substituents. Remarkably the structure of the pentabenzyl radical and CeoBre are similar 
which are shown in figure 1.15. Therefore bromination occurred via CgoBrs but it cannot 
be effectively stabilized by hyperconjugation and so acquires a further bromine atom. 
The facile reactivity of Ceo with alkyl radicals suggests that caution should be used in 
interpreting mass spectra of fullerenes because mass peak may arise from the radical or 
matrix fragmented radical ion source. 


1.12.9 Hydroxylation 

Chiang and coworkers first demonstrated that acid chemistry is an efficient method for 
introducing multiple hydroxy groups into fullerene molecules [152]. They in the subse- 
quent paper reported the formation of polyhydroxy organocarboxylated fullerene deriva- 
tives through the electrophilic addition of nitronium tetrafiuorob orate into fullerenes in 
the presence of a carboxylic acid in a nonaqueous medium. Hydrolysis of the ester moi- 
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Figure 1.15: X-ray crystal structure of CeoBre- Br atom is attached with the Ceo surface, 
by 1, 4 addition. 
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ety in these derivatives provides an efficient route for the preparation of water-soluble 
fullerenols produced by the formation of a nitro intermediate. Absence of the nitro 
group in the derivative is interpreted as electrophilic addition of nitronium ion in the 
initial state followed by nucleophilic substitution of hydroxyl group [153]. But fullerenols 
are produced in low yield, even if H2SO4 alone is used, suggesting NO2-OH and H-OH 
adducts are intermediates, as are NO2-OCOR adducts in the similar reaction with ni- 
tronium tetrafluoroborate/carboxylic acids. Number of hydroxyl groups present in the 
fullerenols depends on the method of preparation. 

1.12.10 Biologically Relavence Compounds 

Large spherical hydrocarbon derivatives bearing polar functional groups have gained in- 
creasing attention for their biological activity. Amentadine, rimabntadine, the derivative 
of adamantane (radius 7.4 A°) are potential antiviral agents. Lot of hopes in future, 
derivatives of Ceo (dia. ~10A°) with it’s spherical surface will be a good substrate in 
biologically active molecule. Ceo derivative has been able to interact with the active 
site of HlV-1 proteeise [154]. This hcis been examined by computer modelling as well as 
by other physico chemical analysis. Water soluble diamide diacid diphenyl fullerenoid 
derivatives have been able to inhibit the HIV enzyme activity [154]. At present the 
scarcity of water soluble Ceo derivatives hampered the progress of this study. Water 
miscible fullerene carboxylic acid has biological activity like cytotoxicity and G-selective 
DNA cleaving ability (in presence of low energy light) [155]. This is truly remaxkable 
in that the biological activity is observed only under irradiation with visible light and 
not in the dark, suggesting that fullerene may serve as useful photosensitive biochemical 
probe. A recent study highlights that the DNA cleavage is occurred due to the action 
of singlet oxygen generated by photoactivation of fullerene molecule [156]. Synthesis of 
a-amino acid derivative of Ceo [157] and fullerene peptide [158] have given new direction 
in the Ceo-biological chemistry. 



Chapt er 2 

Scope of the Work 


Except the Kratschraer- Huffman (K-H) technique [1], most of the methods [21-27] men- 
tioned in the introduction chapter for the production of fullerenes have not gain much 
popularity due to (i) the yield of the fullerenes are very poor compaxed to K-H method 
and (ii) the experiments axe difficult to perform in normal laboratory conditions. 

20 to 30% of the vaporized carbon is transformed to fullerenes in the K-H technique 
[159]. Unfortunately this approach (dc plasma discharge method) is limited to graphite 
rods with diameter of 1 /8 inch or less making it impractical for large scale synthesis of 
fullerenes. Another drawback of this method is that it requires a fairly complex apparatus 
with special feed mechanism to align the two electrodes for maintaining a constant axe 
gap. However, the apparatus is deassambled for scraping the fullerene soot a.s well as 
for the insertion of new graphite rods. Hence for every operation extra caxes have to be 
taken for the proper alignment of two graphite electrodes. 

In ‘contact arc’ method the yield of fullerenes from 6-mm diameter rods is about 
15% [132]. The yield drops off linearly with increasing rod diameter [160] and this 
observation has not been adequately explained. In the subsequent yeaxs a lot of research 
activity started all over the world for the technological development of the fullerene 
reactor [86], [161-167]. To date, the most easily accessible apparatus for the ‘contact arc’ 
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method is the gravity feed apparatus [161] which is relatively inexpensive and simple 
device. Henceforth this method rapidly became the method of choice for commercial 
fullerene production. 

Production of fullerene by K-H method is still a highly expensive process. Based on 
these observation our aim is design a fullerene reactor that should satisfy the following 
criterion: 

(i) design should be simple enough, therefore fabrication of the reactor can be possible 
in any workshop by simple machining. 

(ii) excessive heat that is produced due to graphite resistivity heating is a major tech- 
nological problem in the contact arc apparatus. Excessive heat can easily damage 
the O’rings, joints, and other sealing materials which are essential components for the 
fullerene reactor. Hence cooling is the integral part of a reactor and emphasis are given 
for required cooling of the reactor. 

(iii) He-pressure and current (power?) are the two most important parameters for 
fullerene production. Optimization of this two parameters are not only useful for high 
yield fullerene synthesis, but it can also highlights some hidden facts of the fullerene 
formation kinetics. Till date, to our knowledge no such optimization has been reported 
on contact arc technique. Only one report (based on our knowledge) relation to this has 
been published by Scrivens et.al [164] in dc plasma technique. But execuete this type of 
experiment it required modification in the design of the reported [132, 161, 166] contact 
arc reactor. 

The state-of-art separation of Ceo from fullerene mixture is a challenge to every 
synthetic chemist. In the pre-fullerene era (the year before the method of macroscopic 
isolation procedure of fullerene was established) experimental observation from the gas 
phase reaction , by Zhang et.al [10], suggest that fullerenes especially Ceo is quite inert 
to chemical attack towards reactive small molecules such as NO, SO 2 , CO, H 2 , O 2 and 
NH 3 . In support of Zhang’s observation and by resonance energy calculation, it was 
suggested that Ceo is a ‘super aromatic’ molecule [78]. However calculated value of heat 
of formation [114], strain energy [57], magnetic susceptibility [109] etc. reported from 
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different groups were quite anomalous. Because of the description of bonding in such 
large molecules, particularly with those which potentially show extensive conjugations 
have traditionally been controversial [168, 169]. Moreover, ab initio calculations for such 
molecules with a reasonably good basis set have computer limitation [169]. Thus the 
theoretical calculation i.e bond length determination, geometry optimization, chemical 
reactivity index etc., are published in the literature primarily based on semi-empirical 
quantum mechanical calculations and they probably not a very authentic guide for syn- 
thetic fullerene chemistry. So, some intuitive chemistry can be developed based on purely 
experimental conditions. 

Buckminsterfullerene cages consist of entirely sp^ hybridized carbons which have 
electron- withdrawing (-1) effects [170]. This behaviour makes Ceo a- good substrate for 
nucleophlic addition. Position of the nucleophile, in nucleophilic addition mechanism of 
the alkenes, directed by the anisotropic atoms presents in the alkenes [171] like H, 0, 
N, etc. As Ceo is a perfectly isotropic molecule, the reactive index or addition of the 
nucleophile in fullerene carbon carbon double bond can not be simply judged from the 
analogy based on planar alkenes. Another important difference in reactivity of fullerenes 
compared to the normal alkenes is that the addition in fullerene moiety always occurred 
in the bridged carbon atoms. However, addition and substitution have been observed in 
the alycyclic ( norbornyl ) and aromatic ( naphthalene, anthracene etc.) bridged systems 
other than bridged carbon atoms [171]. 

One of the most exciting observation in the fullerene research is ‘fullerene is soluble 
in most of the common organic solvents’ [1]. Thus investigate the chemical reactivity of 
the fullerene in liquid state is possible and in the following years a large number of new 
derivatives of technological and biochemical importance is prepared. In the gas phase 
experiments with large quantities of Ceo, fhe reactive neutral molecules [118, 119, 122] 
e.g NH 3 , O 2 , etc, have given quite contradictory results compared to the experimental 
observations by Zhang et.al [10]. Photochemically generated reactive neutral radicals 
efficiently add to the Cgo’s double bond and the successive radical adducts and photolysis 
of Ceo in the presence of donor molecule produce the radical anion of Ceo [150]. These 
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observations suggest that Ceo is a good radical sponge, however NO, CO' , the two 
most reacting molecules are reluctant to react with Ceo in the gas phase contrast justify 
the statement that Ceo is a good radical sponge suggesting that it is rather choosy 
with the radical partner. The addition of NO 2 with Ceo in the gas phase, producing a 
stable C 60 NO 2 '', is not adequately explained [123] and this species C6oN02~ has been 
characterized from mass spectra only. Chiang et.al [152, 153] has been used nitrating 
reagent could derivatize Ceo but did not succeed to isolate any nitro adduct of Ceo- 
They have observed that Ceo attached N02‘'‘ ion is easily substituted by the nucleophile 
OH~ ion, and isolated product leading to the formation of fullerenol. But most puzzling 
question is ‘how an electron deficient NO 2 '*' ion is attached to the highly electron deficient 
Ceo molecule?’ Thus it would be highly interesting to see if NO and NO 2 have same 
reactivity with Ceo- 

The organometallic chemistry of Ceo is becoming a flourishing subdiscipline of the 
fast expanding fullerene research [116]. Pt, Ir, and Os derivatives of Ceo are prepared 
in most pure form and single-crystal X-ray structure of these are also solved [125, 126, 
124] and in these derivatives , Ceo behaves as an alkene giving 7 /^ coordination. In 
the gas phase experiments, M"*" induced to react with Ceo and the resulting complex 
MCgo was characterized by mass spectroscopy [119, 120]. The complex, analogous to the 
metallocenes [ Ni(Ceo) 2 '''] has been prepared in the similar way [121]. Thus the chemical 
behaviour of Ceo like an electron deficient olefin similar to tetracynoethylene does not 
justify. Magnetic susceptibility measurements [109, 110] and theoretical calculations by 
Haddon et.al [107] suggest that Ceo has vanishingly small diamagnetic ring current. This 
small diamagnetic contribution comes from the mobile tt electrons of the molecule. At 
low temperature ^^C NMR chemical shifts is in the typical aromatic region [111]- The 
magnetism of Ceo highlights that it has ambiguous aromatic character [113]. 

Fe(CO )5 reacts with Ceo in the gas phase forming a CeoFe adduct, though details 
bonding are not discussed in that report [120]. Decomposition of the metal-metal bond 
from Re 2 (CO )9 both thermally and photochemically generating highly reactive .Re(CO )5 
which adds to the Ceo moiety by t }^ fashion [172]. Douthwaite et. al.[173] reported 
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that Mo, Cr, and other metal-carbonyls also bind to the Ceo moiety by 77^ fashion. As 
six member ring of the Cfjo ring is electron rich compared to five member ring, and 
calculations from Haddon [114] and Merynick et. al. [174] suggest that metal having 
large spatial d-orbital can participate in the 77® fashion. This suggestion from the two 
research groups is interesting to study the reactivity of d®-metal hexacarbonyls with Ceo 
where size of the d-orbitals are gradually increased from 3d - 4d - 5d. Product analysis 
in this substitution reaction can give a better insight into the chemical behaviour (i.e 
alkene, arene) of Ceo- 

Fragmentation studies of Ceo in the presence of high energy ion beam [75] univocally 
suggested that the carbon carbon bonds of Ceo are very stable. However, Taylor et. 
al.[175, 176] suggested that fullerene reacts with oxygen in the presence of UV-light 
and oxidized the carbon-carbon double of Ceo at ambient conditions and its structure 
is broken. Oxygen atom is attached to the Ceo surface in a controlled fashion by the 
use of appropriate technique, such as reaction of it with dimethyldioxirane [147] and UV 
irradiation of a oxygen saturated Ceo solution [146]. Product analysis from the above 
process has suggested the formation of Ceo epoxide. 

Werner et. al.[177, 178] extensively staduied the oxygenation chemistry of Ceo in 
the atmospheric conditions and interpreted that oxygen is covered the Ceo molecule in a 
clathrate or icosaspirals fashion via an epoxide linkage. At ambient conditions IR spectra 
of Ceo give peaks at 2300 and 1537 cm“^ but this two IR absorption bands do not justify 
the epoxide linkage which normally appears in the 1100-1000 cm“^ region [179]. 

Nature of the oxygen addition in Ceo and other fullerenes is least understood due 
to the unavailability of the Ceo oxygenation product at ambient conditions. DTA, TG 
and DSC studies from different groups indicate that the oxidation of the Ceo taJkes place 
at above 400°C and the initial carbon oxygen bond formation takes place at 200“C [180- 
182]. Therefore from the thermodynamically it is quite unlikely that the carbon-oxygen 
bond formation in Ceo takes place at ambient conditions. 
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Cr>o is an optically active molecule due to extended conjugated x-electrons and the 
TT — TT* transitions is easily occurred in the visible region. In the excited state a large 
number of isomeric structures of lower symmetry i.e Da/i, C 2 U etc are formed due to 
sigmatropic rearrangements [183]. Except symmetry the other symmetry structure of 
the Ceo molecule do not follow the ‘isolation pentagonal rule’, thus causing the instability 
of the fullerene molecule in normal day light. Foot et.al [89] observed the absorption 
spectra of Ceo in benzene remained unchanged for 9 days in the presence of sunlight. 
The HPLC separation on this sunlight irradiated Ceo solution do not show any extra 
peak for Ceo derivatives but shows an unidentified peak for C70- Arbogast et. al. [88] 
observed that Ceo is not destructed during fluorescence suggesting the photochemical 
fragmentation reactions of Ceo quite unlikely. 

Kroll et.al [149] from photoelectron spectroscopic studies indicated the presence of 
reactive species such as 0,0“ and excited O 2 produced through the decay from O 2 
which oxidizes the Ceo molecule. This reactive oxygen is produced in the photoinduced 
way but the exact nature of this reaction sequence is still not clear. Taliani et. al. [184] 
suggested that the photochemical degradation of solid Ceo produces to C 60 O 2 and C 60 O 4 . 
In this process, one C=C of the Ceo framework reacts with electronically excited molecular 
oxygen, ^©2 which is produced by energy transfer from photogenerated triplet 

Ceo to ground state oxygen triplet ^02- The endoperoxide produce in these processes 
eventually decomposes to the cage open dicarbonyl species. But singlet oxygen does 
not react with solid Ceo which has given a new dimensions to the fullerene oxygenation 
chemistry [185]. Origin of the paramagnetic center of Ceo iu the presence of oxygen 
[186] and the nature of the generated radical species are not explained. The details EPR 
study of Ceo molecule at ambient conditions can highlight some of the hidden fact of 
oxygenation addition. 

Kroll et. al. [149] interpreted their photo-electron experimental results based on the 
observation in low temperature (20°K). But Ceo undergoes a phase transition to simple 
cubic structure as a consequence of orientational ordering at 260 K [187, 188]. Therefore, 
Ceo oxygen interaction at low-temperature measurement is not quite similar to that at 
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ambient condition because at ambient conditions Ceo belongs to a fee structure with 
orientational disorder. Ceo filrii showed semiconductor behaviour. Exposing the films to 
pure O 2 or air at 21°C leads to the decrease of conductivity as well as photoconductivity 
due to oxygen contamination [189]. 

Since the discovery of Ceo its vibrational spectral properties have been extensively 
studied both experimentally and theoretically. However the observed IR bands are greater 
in number than what theoretically predicted (four bands) for Ih symmetry. Heat of for- 
mation, Lattice constants determination from X-ray diffraction, magnetic measurement 
or other physical measurements need always highly pure sample. Painstaking efforts are 
needed to eliminate solvent molecule either by sublimation or by extended vacuum an- 
nealing from chromatographically pure Ceo- Ceo with it’s cage structure interacts with 
these solvent molecules but how this solvent molecules are attached to the neutral Ceo 
molecules is another mystery. Till date no proper explanation has been given in this as- 
pect. The explanation given in this aspect is that ‘the fullerene with their cage structure 
interact with the solvent molecule in an interesting way’ [85]. 

There has been much interest in the mechanism of oxidative damage to DNA and 
its biological consequences in living cells. Oxidation of DNA decreases its transformation 
efficiency, inhibits DNA replication, and causes G to T tranversions. These effects are 
generally believed to be related to human problems such as cancer and ageing. Photosen- 
sitized oxidation plays an important role in oxidative damage due to the environmental 
chemicals and natural cell constituents. Singlet oxygen is one of the major species that 
can cause these effects. Irradiation of a mixture of DNA and detergent like Ceo carboxylic 
acid with low-energy light results in guanine (G) selective strand cleavage [156]. This 
base-selective cleavage was ascribed to the action of singlet oxygen generated by photoac- 
tivation of fullerene molecule and recent experiments demonstrated that Ceo carboxylic 
acid does generated singlet oxygen in water [155]. It is of interesting to examine whether 
or not the chemical reactivity of singlet oxygen is affected by the fullerene sensitizer. 



Chapter 3 


Design and Fabrication of a 
Pullerene reactor: Optimization of 
the Key Parameters in Fullereiies’ 
Synthesis. 


The most common method for the preparation of fullerene is the Kratschmer-Huffman ( 
K-H ) method [1]. The technique behind the K-H method is high purity graphite rods 
which are vapourized in a low helium pressure. There axe two major variants of the 
graphite vapourization, namely, carbon contact arc [132] and carbon plasma discharge 
[159]. In contact arc method, the graphite electrodes are kept in constant contact through 
either a gravity feed mechanism or through the use of a feed spring. Fundamental prin- 
ciple behind the contact arc method is that the power is dissipated in an arc rather in 
resistive heating of the graphite rods. Number of reports based on the design of the ap- 
paratus were published in the literature [161, 162, 163, 164, 165, 166]. Here we describe 
the fabrication of a fullerene reactor with some modifications. 
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3.1 Experimental Sections 

3.1.1 Material Used 

Stainless steel, brass, copper and teflon were purchcised from the local market. These 
were used after proper machining. The materials which have maintained the vacuum 
were used after polishing. 0-rings used were of two categories like neoprine, maximum 
thermal resistance was 110°C, and other is silicone which was sustained upto 280° C. 
The ball-bearing (sk&f, India) were purchased from local shop and used as such. Cable 
wire of ordinary quality were used. He-gas (lOL, India) of 99.9% purity and graphite 
electrodes (Johnson-Mattehy, Canada, 99.99%) were used.. Toluene, benzene, n-hexane, 
hexane (petroleum fraction) were distilled over sodium wire and CaH 2 , but not degassed. 
For chromatography, Al 203 -Brokemann 1 grade (Acme India) was used. 

3.1.2 Physical Measurements 

Mass Spectra: 

FAB mass spectra of the fullerene and chromatographically separated Ceo samples were 
recorded on Jeol SX 102/DA-6000 Mass spectrometer/data system using Xenon (6 KV, 
10 mA) as the FAB gas. m-Nitrobenzyl alcohol has been used as the matrix. Concen- 
trated Ceo solution in benzene was subjected to mass spectra as such. 

IR Spectra : 

Solvent was evaporated from the chromatographically separated Ceo a-iid solid ob- 
tained was dried in vacuum (10“^ torr) at 150°C for 2 hours before IR measurements. 
Powdered Ceo S'lid spectroscopic grade KBr( E-Merck ) were mixed in a 1:9 ratio and the 

•X 

pellets were made with a hydraulic pressure of 400 pounds. The spectra was recorded in 
a Perkin-Elmer 1600 FTIR in 4 and 2 cm~^ resolution in the range 4000-400 cm"’- and 
1600-400 cm~^ respectively. 

UV-visible spectra : 
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Figure 3.1: Schematic diagram of the fullerene reactor 
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graphite rods (K). Electrodes alignments during evaporation were monitored through the 
view port L with the help of arcing light. This view port was placed at the center of the 
flange D. He-gas flow and vacuum were done into the reactor using the port M. All the 
flanges and accessories were demountable in this reactor and vacuum sealing of it were 
done by O’- rings and bolts. The position of the O’-rings and bolts is shown in figure 3.1. 

Figure 3.2 is the section diagram of the water cooled electrodes. Notation of C, I 
and E were same as shown in figure 3.1. The teflon gasket (1) was working as an insulator 
of the reactor and at the same time it also worked for vacuum sealing of the electrode E 
in the port G. Groove 2 (trapezium type) was made in G to hold the teflon gasket. The 
gasket were tightened by a self design screw 3. A copper tube (4) was inserted into the 
electrode E for efficient cooling of the holder (I). The electrical and water inlet connections 
were done on the electrode from the outer portion of the electrode and the diameter of 
this portion (figure 3.2) was greater than the other part (the portion which was moved 
inside the reactor) of the electrode. 0-rings were used in the union of electrodes for 
additional safety. The water inlets 6 are connected to a tap-water for the continuous 
circulation of cooled water. The electrical connections were given through the bolt 7. 

The vacuum sealing used for the movable electrode (F) of the reactor is shown in 
figure 3.3. A well polished brass spacer was placed in between the two O-rings in the 
port G. Among this two O-rings, which directly was contacted with the screwing nut 
compressed more as a result developed pressure on the metal (spacer) and in this process 
it compressed the other O-rings (figure 3.3). This ensure better centering of the electrode 
when movable electrode was moved under vacuum [190]. 

Figure 3.4 represents the graphite holder assembly. These graphite holders were de- 
tachable from the water cooled electrode. These detachable electrodes were used because 
during the experiments if graphite rod by accident touched to the other electrode directly 
(without via graphite-graphite contact) the arcing caused melting of the electrode hold- 
ers which required redrilling of the holder. Figure 3.4 (a) is the side view of the graphite 
holder. The main holder (I) was conical shape. The holder (I) cut into three pieces with 



47 



J 6 I 
^mmp 

— ^ 20mm 



Figure 3.2: Section diagram of the water cooled electrode 
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Figure 3.3: Section diagram of the vacuum seal for movable electrode 
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an angle of 120° to each other as shown in figure 3.4 (b). These pieces were hold using 
a spring wire II. The main holder (I) was placed into the grove (III) of the water cooled 
electrodes, D and F. The graphite rods were tighten with a steel nut (IV). 

3.1.4 Soot Production from the Reactor 

The reaction chamber (A) of figure 3.1 was evacuated to 10"^ Torr base pressure by 
a mechanical pump. The apparatus was purged twice by He-pump filling cycles and 
evacuated. Finally He-gas pressure was adjusted to 400 mbar by a gas needle valve. The 
evaporation of the graphite rods was done in static He-gas pressure. The reaction vessel 
was isolated from the pump by a high vacuum valve whose position in the assembly is 
shown in figure 3.1. Before starting the arc two things we have been checked, (i) The 
alignment of the graphite rods and (ii) the water circulation in the reactor, routienly. 
After switch on the power supply (250A, 25V), gap between the two graphite rods were 
slowly reduced until arcing staxted. Once arcing was established it was continued for 30 

sec. Arcing and the movements of the electrodes were monitored through the glass view 
port (L). A white smoke was evolved when two electrodes touches. The light produced 
was so intense, welding goggles were necessary to monitor the arcing. After few arcing 
a thick layer of soot were deposited on the glass window which prevented the smooth 
viewing of the arcing. 

After each 30 sec of arcing the power was turned off. This arcing and cooling were 
repeated to consume 5 cm length of the electrode in about 45 minutes. For precaution, 
the graphite rod were not burnt down below 1 cm because failure to do this would have 
caused the arc to jump to the copper holder. Additional graphite electrodes were burned 
in the same run by turning off the power supply, the apparatus was filled to atmospheric 
pressure with He and allowed to cool, replacing the consumed graphite stub with a new 

rod. The slag forms on the other electrode was removed before the next run, otherwise rod 
did not burn uniformly. Repumping the system down to 10“^ torr, bringing the desired 
He gas atmosphere, turning the power supply back on and initiating a new arcing. The 
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carbon deposited inside reactor were scraped and in a typical run 3.58 gm of soot was 
collected by burning 6 rods (length of the each rod was 5 cm). 

3.1.5 Parameter Adjustment for Optimum Fullerene Yield 

Soot from the arcing procedure wa.s kept in a thimble and the soluble products from 
it were extracted by soxhlet method, using hot toluene. Extraction was judged to be 
complete (after 6 hours) when red material ceased to leach out from the soxhlet thimble. 
Subsequent removal of the solvent in vacuum yields ~ 0.45 gm of the solid material. The 
black powder was suspended in diethyl ether for 10 minutes. The yellow di-ethyl ether 
solution decanted off from the black powder and powder was dried in vacuum resulting 
~ 0.35 gm of solid. This was redissolved in benzene and subjected to FAB mass spectra, 
which is shown in Fig 3.5. Strong peaks at m/z= 720 and 840 were appeared due to 
Ceo and C 70 respectively. Besides these two peaks the other peaks appear at m/z= 600, 

624, 648, 672, 696, 744, 768, 792, 816, 864, 888 , 912, 936, 984 in the spectrum. For 
pure carbon containing materials, the presence of these m/z peaks may be accounted 
for the presence of Cn where n= 50, 52, 54, 56, 58, 62, 64, 66 , 68 , 72, 74, 76, 78, and 
82. This kind of mass spectrum has been reported by other workers [1, 36], but product 
distribution are not same in all the cases and it depends on large number of factors [191]. 

The fullerene yield at 15 V and 80 A in different He-pressure axe given in figure 
3.7. The yield is calculated by following procedure: 400 ml dry toluene was taken in 
the soxhlet extraction and the solubility of the soot with the variation of parameters are 
compared with the optical density at A (max) at 470 and 540 nm. UV/ Visible spectrum 
of the crude soluble portion (one case) is reproduced in figure 3.6. Figure 3.7 shows that 
there is a local yield ( 6 %) maxima at about 200 mbar. The highest yield obtained (12%) 
at 400 mbar after going through a yield minimum at (250-300) mbar. The pressure was 
monitored by a standard Biichi- vacuum meter (Switzerland). 

The next adjustable parameter was the necessary current for burning the graphite 
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Figure 3.5: FAB mass spectrum of the soxhlet mixture 



Figure 3.6: UV-Visible spectrum of the soxhlet mixture, in benzene. 
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Figure 3.7: Yield of the fullerenes’ vs He pressure, where current is fixed at 15 V and 80 
A. 

rod. A regulated A/C power supply, 0-25 V and 0-250 A, was locally fabricated. It is a 
common phenomenon in arcing that the set voltage is dropped from it’s initial set voltage 
[192]. We observed in our power supply the voltage drops (1-2) V from the initial set 
voltage. In the contact arc technique the current level depends on the contact pressure 
developed between the graphite rods during arcing [167]. Graphite rod was feed into 
the the reactor at the 4 mm/min and this adjustment was done from the ball bearing 
P (figure 3.1). It was also observed that when the pressure between the graphite rods 
was high the current reached to > 200 A. In this case the electrode was moved back side 
slightly (manually), until the current level dropped bellow 100 A. Finally the current was 
adjusted to the desireed level. The variation in each experiment was maintained within 
±10 A. A commercial circuit breaker was used in the power supply for additional safety. 
Yield of the fullerene was measured at different currents at a fixed voltage. Current vs 
yield at 400 mbar He-atmosphere is shown in figure 3.8. 





Figure 3.8: Yield of the fullerene vs current 

3.1.6 Separation and Characterization of Ceo 

The crude product obtained after soxhlet extraction was dissolved in 500 ml of dry 
toluene. Some of the solid material remain insoluble and it was reluctant to dissolved on 
further addition of fresh solvent. The amount of insoluble material were not consistent 
in every batch. How this insoluble materials was formed in this process was not clear. 
This solution was concentrated further and subjected to column chromatography (inner 
diameter 3 cm and length 30 cm) using neutral alumina as the solid adsorbant. Separation 
of Ceo and C70 was done by using hexane(petroleum fraction) /n-hexane as eluent. As 
fullerene solubility in this solvent was very low (section 1.8) so movement of the material 
in solid adsorbant was extremely slow. 

Ceo, C70 and others were not separated from the soxhlet extraction in this chro- 
matography method using solvents like benzene, toluene, carbon-disulfide etc. in which 
they are more soluble. To overcome this problem according to the procedure described 
by Diederich and co-workers [148], 100 gm of neutral alumina was added to the con- 
centrated fullerenes solution and was made a slurry. Finally toluene was evaporated in 
vacuum from the slurry and the resulting mixture was applied at the top of the column. 




55 



Elution was done with (95:5) hexane-toluene mixture where a purple solution separated 
first and followed by a pink colour eluent. The solvent was evaporated from the first frac- 
tion and to get the crystalline product which was dissolved in benzene and its FAB mass 
spectrum was recorded. The figure 3.9, mass spectrum shows that chromatographically 
separated sample contained only Ceo and free from other fullerenes. Some unidentified 
compounds were adsorbed at the top of the column which could not be eluted using 
conventional solvent mixtures. Yields of Ceo in this method was not consistent, in every 
batch of separation. In some cases only 2% of Ceo was obtained from the crude product. 


The infrared spectrum (figure 3.10) of the chromatographically pure samples shows 
four strong absorption bands at 527, 577, 1183, 1428 cm“^. This IR spectrum is in 
agreement with reported IR spectra [1, 83]. The UV-visible absorption spectrum of 
this chromatographically purified Ceo give bands (figure 3.11) at A„iaa,=213, 257, 327 and 
405 in n-hexane and broad bands at 480-625 nm region in benzene. These UV-visible 
spectra are in good agreement with the reported Xmax by Ajie et.ai. [35], Hare and their 
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Figure 3.10: FTIR spectrum of chromatographically pure Ceo 
from 4000-400 cm"^ and (below) 1500-400 cm~^ 


KBr pellets, (above) 
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Figure 3.11: Electronic absorption spectra of Ceo! n-hexane (b) benzene 
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coworkers [86]. 

3.1.7 Attempted Fullerene Separation from Natural Soot 

Soots were collected from the various source such as; (1) benzene and acetylene flame 
(2) LPG flame and (3) combustion of mustard oil. 

(1) A sooty flame was produced from the laboratory spirit lamp using benzene 
as fuel. ~ 1 gm of soot after 4 hours of operation was collected, expending 200 ml of 
benzene. The soot was scraped from the backside of a water cooled aluminium container. 
The material was washed in diethyl-ether and soxhiet extracted for 5 hour in toluene. The 
solution was concentrated and flash chromatographed in 50:50 toluene/n-hexane. FAB 
mass spectrum (figure 3.12) of this chromatography separated solution did not show the 
presence of maiss peak at (m/z)= 720 or 840, which are the most abundant fullerenes 
among the fullerenes family. 

(2) Similar to the above described experiment (1), the soot was prepared from 
mustard oil. Figure 3.13, mass spectrum shows that this soot does not contain Ceo and 
Ctq. a gas burner was used for the preparation of Liquid Petroleum Gas (LPG) soot 
and soot was collected in the back side of water cooled container. Mass spectrum showed 
(figure 3.14) the absence of the desirable fullerenes. 

3.2 Results and Discussion 

Figure 3.7 and figure 3.8 shows the yield of fullerenes was dependent on the helium gas 
pressure and the effective power during burning. It has also been suggested that fullerene 
yields are depend other factors also, (a) rod diameter [160] and (b) He-gas flow in the 
reactor if the arc is operated in a dynamic He gas pressure [164]. In the present case, we 
have done the experiments using a fixed rod diameter (1/4 inch) and in a static He-gas 
pressure. Thus we are unable to predict the role of the above two factors on the overall 
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fullerene yield. 

Helium pressure is the operating parameter that is commonly reported for the syn- 
thesis of fullerenes. Figure 3.7 shows that maximum fullerne yield (~ 12%) is observed 
when the He gas pressure is 400 mbar at power 15 V, 80 A. A local yield maxima at 
200 mbar He pressure is also observed. Surprisingly the yield is very poor in between 
(250-350) mbar He pressure. This observation is similar to the observation of Scrivens et. 
al. [164] and these authors prepared the soot using the d.c plasma reactor in a dynamic 
He-gas pressure. 

Fullerene yields are measured at different power and 400 mbar He gas pressure. 
These results are given in figure 3.8. The maximum yield obtained at various power 
levels are 15% (± 5%) at 10 V, 100 A, 13% (± 3%) at 15V, 80 A and 10%(± 5%) 
at 20 V, 60 A. The reported fullerene yields (max.) from the contact arc reactor axe 
10±2% at 100-200 A and 10-20 V by Haufler et.al. [132], Koch et. al. ~11% at 70 A 
but voltage is not mentioned by Koch et. al. [161] and siml2±. at 32 V and 90 A by 
Olha and co-workers in a multiadaptor vapourization system [163]. However, Rao et. al. 
observed 10-30% yield at 100-180 A and 5-8 V [25]. The fullerene yields we produced 
are comparable to the the above mentioned reported yields however the yield observed 
at 100-180 A and 5-8 V is considerably higher than our as others [132, 161, 163]. Figure 
3.8, is also indicates that in every case the maximum yields are achieved when the power 
are keeping between 0.9-1. 2 KW. Parker et. al.[159] and Scrivens and co-workers [164] 
reported, at ~ 1 KW obtained the maximum fullerene yield from the dc-plasma reactor. 
We observed when the power level was < 700 W, a difficult problem that was to maintain 
an uniform arc with sufficient time (30 sec.). Time required to burn the 5 cm rods at 
10 V and 80-100 A was 2 hours, however the same length of rods were burn within <30 
minute at 20 V, 120-140 A. 

Nothing is known about the kinetics of the fullerene formation. Most of the mecha- 
nisms published so far are based on speculation [53]. Pentagonal road model by Smalley 
et. al. [48] and size selective collision by Bower’s et. al. [50, 51] are seems very attractive 



63 


to explain the formation of C(io but it does not adequately explain the variable yields 
of the fullercne in the different set of conditions. It is not clear at this moment that 
dimension of the reactor has any influence on the fullerene yield. Figure 3.7 and figure 
3.8 suggested that efficient synthesis of fullerene occurred at the narrow range of exper- 
imental parameters. Thus it seems kinetices of the fullerene formation must be fairly 
specific. 

In a different type of experiment Smalley et. al. [20, 48] vapourized the graphite 
with the help of a pulse laser and the resulting carbon vapour is passed into a tube 
furnace with the help of He-gas. They observe that when the furnace is kept at room 
temperature, the soot produced does not contain any fullerene , however at 500®C furnace 
temperature soot formed does contain fullerene. They optimize the furnace temperature 
in the range 1300-1500° C, when the soot produced maximum amount of fullerene.' From 
these observations they suggested an ‘annealing temperature’ which is very crucial for 
high yield production of the fullerene. However it is observed (figure 3.8), at high power 
20 V, 120 A, the yield of fullerene is 3-4%, Koch et. al. [161] is reported at 130 A the yield 
is 3%, Scrivens et. al. [164] and Parker et. al. [159] have noted similar type observation 
that at high power graphite rods are burnt fast but the yield is very poor. Based on the 
above observation it indicates that the temperature is not the principle guiding factor 
for the fullerene formation. As in the high power (~ 2.5 KW), temperature of the 
surrounding space which cover the carbon arc is more/larger compared to 1 KW power. 

In the carbon arc the hot gas containing carbon atoms that react to give small 
reactive fragments like C2, C3, C4 and C5 etc. bonds on and eventually form fullerene 
[ 46 , 47]. The heat of formation value of Ceo, C70 and higher fullerene and nanotubes are 
quite different [53, 54]. So, entropy factor, TAS, is the determining factor for the specific 
shape of the fullerene when the carbon vapour are condensed. Migration of the carbon 
vapour from the hot arcing point to the less hot environment most likely depends on 
the thermal mass diffusion co-efficient of the carbon atoms (vapour). Figure 1.3 suggests 
carbon grows first in linear chains, transfer to monocyclic planar rings and form new 
families of planar bi, tri and tetracyclic rings. These large planar rings on selective 
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collisions by size are induce to isomerize into the fullerenes. Bower’s et. al [50] further 
suggested that in arc reactor the atomic carbon ‘soup’ diffused out of the arc, and initially 
formed chains and then rings. We believe that at high power, specially with the increase 
of voltage (to our knowledge where voltage are kept beyond 40 V in K-H or contact arc 
type reactor) velocity and momentum of the ejecting carbon particles from the graphite 
rods are increased. Hence the collisions between the carbon particles are random, so size 
selective collisions are less in number. Another reason of the poor yield at high power is, 
a.s temperature is proportional to the power, that the thermal agitations of the carbon 
vapour (atoms) are increased which may also reduce the size selective collisions between 
the planar rings. This may be one of the reason for getting high yield (15%) at 10 V 
and 100 A, figure 3.8. From the above results it is suggested that slow evaporation of 
the graphite rods is an essential criterion for getting good yield. 

Figure 3.12 to figure 3.14 are the FAB ma.ss spectra of the different kinds of soot 
which are collected from several sources. These spectra showed the absence of both Ceo or 
Cto. Corannulene (figure 1.6) with its five-membered rings, provides the puckering nec- 
essary for building of fullerene structures and is considered to be the precursor molecule 
[79]. However the absence of peak at m/z=250 from the spectra (figure 3.12-figure 3.11) 
indicates fullerene produced from the combustion of benzene soot has different kind of 
mechanism [24]. Possibly fullerene intermediates are more reactive in the presence of H 2 
and 02- This may be the one of the reason for natural soot not containing any identifi- 
able quantity of fullerene. Howaxd et. al. [24] prepared fullerene from specially designed 
burner from a premixed laminar flame where carbon to oxygen ratio is 0.729. However 
in this process they got maximum yield 1.26 %. This type specific conditions are not 
achieved at the natural conditions of burning, in the present study. 
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3.3 Conclusions 

We have described an inexpensive and easily fabricated fullerene reactor for the arc 
discharge type. The described reactor is allows one to control the gas pressure and 
required power level for optimization of the fullerene yield. The metallic spacer in the 
vacuum seal of the movable electrode maintained the alignment of the graphite rod. 
Advantage of this type of vacuum seal is that the electrode of larger dimensions can pass 
through easily. As fullerene is formed under very specific conditions in the arc or plasma 
discharge, so systematic study of the yield with different power and He-gas would provide 
the details about the fullerene formation kinetics. At present we do not have any idea 
about the local yield maxima in figure 3.7. Intuitively we suggest that fullerene formation 
zone in the vicinity of arc is not a spherical zone rather it froms a hyparaboloid surface 
where water cooled electrode may influence this yield. 



Chapter 4 


Reactivity with NO, NO0/N0O4, 
SO2, HOCl and IO2 


Carbon-carbon double bonds react easily with different kinds of radicals and have pro- 
duced billions of new organic and organo- metallic compounds. Reaction mechanism be- 
tween carbon-carbon double bond with a variety of radicals have extensively been studied 
[171]. In this chapter, our aim is to study the behaviour of some reactive molecules like 
NO, NO2/N2O4, SO2, HOCl, O2 and ^02 with Ceo whose reactivity with planar olefinic 
carbon carbon double bonds is well established. 


4.1 Experimental Section- Part I. 

4.1.1 General Conditions 

All the reactions were performed in oven dried apparatus and reactions were carried out 
in air, unless specified otherwise. 
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4.1.2 Materials 

Commercial grade solvents, benzene, toluene, hexane, n-hexane, acetonitrile, DMF and 
DMSO, were distilled prior to use but not degassed. Analytical grade reagents were used 
as such. 

4.1.3 Physical Measurements 

Elemental analyses: 

C, H, N analyses were performed with a EA 1108 elemental analyzer in RSIC Lucknow. 
Infrared spectra: 

Spectra were recorded in KBr pellets on Perkin- Elmer 1320 and FT 1600 Perkin Elmer 
series instruments, as discussed in section 3.2. 

UV- Visible : 

Spectra were recorded as described same as section 3.2. 

Mass spectra : 

FAB mass spectra were recorded similarly as discussed as section 3.2. 

EPR spectra : 

EPR measurements were done with a Varian E-109 spectrometer. Liquid samples were 
recorded using flat cell and 6 mm diameter quartz tube. DPPH were used for internal 
standard of the spectrometer. 

X-ray photo-electron spectra : 

The spectra were recorded on a PE/ESCA/SAM model-550 using MgKo, radiation source. 
X-ray was generated at power 15 KV, 20 mA. The operating voltage was 1900 V. Survey 
scan was done in full scale (X-axis, 0-1000 eV; Y-axis, 0-300 K). The important peaks 
were further resolved with the variation of scan speed, chart speed and intensity scale. 
Powdered sample were pressed on the one side of a indium metal which were used as the 
substrate material of the sample. Sample was kept for 4 hours at 10”'^ torr for removing 
the solvents before inserting it into the main analyzing chamber, at 10“^ torr. The X- 
ray line was not monochromatized and resolution limit was 0.7 eV. The instrument was 
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calibrated with respect to gold (Au 4f binding energy at 84.00 cV). The peak position 
was further resolved (simulated) by commercial curve fitting package (Jandel Scientific 
PeakFit, version 3.18, Copyright (C) 1992 AISN software). 

NMR : 

NMR (400 MHj) spectra were recorded on a Bruker WM-400 FT-NMR spectrometer 
using DMSOde. Tetramethylsilane (TMS) was used as an internal standard for NMR 
studies. 

4.1.4 Chemical Analysis 

Griess-Ilosray test for detection of N02~ : [193] 

Small portion of the solid was dissolved in 5 ml of distilled water. 1 ml of the test 
solution was mixed with a 50 fxl sulphanilic acid, followed by 50 /il of a-naphthyl amine 
reagent. A red azodye (1^01=520-525 nm) is formed. 01 ixg of HNO 2 is sufficient for the 
diazotization of sulphanilic acid [193]. 

The sulphanilic acid, in 100 ml warm 30% acetic acid, and the a-naphthyl amine 
reagent was prepared according to the standard procedure [193]. 100 /xl test solution was 
added into 2.5 ml of water in a UV-Visible cell followed by 50 (A of naphthylamine, the 
time was noted when /3-napthaylamine was added. After 30 sec. a pink colour was fully 
developed and the optical density of ths solution was recorded. 


4.2 Experimental Part-II. Reaction Methodology. 

4.2.1 Reaction between Ceo and Nitric oxide. 

Method 1 : 

2 gm ammonium ferrous sulphate, dissolved in 0.1 M sulfuric acid (20 ml) was taJcen in 
a 500 ml two necked flask. A dropping funnel containing a aqueous solution of 2 gm 
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NaN 02 was placed in one neck. 15 mg Ceo, dissolved in 50 ml benzene, was taken in an 
another two necked 100 ml flask. Two gas bubblers attached with polyethylene tube were 
fitted in series, one end of it was connected to the flask which containing Ceo solution, 
and the other end wa^ connected to the gas generating flask. The gas bubblers contained 
a 10 % aqueous solution of Na 2 C 03 (first from the gas generating flask) and concentrated 
sulfuric acid wa.s taken in the second one to it, for remove any NO 2 formed in and dry NO 
respectively. Water suction was employed to create low vacuum in the Ceo flask for easy 
flowing of the gas from the generating flask to the reaction flask. The NO gas was passed 
through the Ceo solution for 2 hours and then it was kept overnight. But the colour of 
the Ceo solution remained unchanged and on evacuation pure Ceo was separated out. 

Method 2 : 

6 ml concentrated HNO 3 and 18 ml concentrated HCl were taken in a 250 ml flask 
previously purged with nitrogen and a benzene solution of Ceo (25 ml) was added into 
it. The flask was tightly closed and the reaction mixture was occasionally shaken and 
kept for 2 days. The colour of the Ceo solution remained unchanged during this period. 
The benzene layer was taken into another flask and the solution was evaporated under 
vacuum which yielded unreacted Ceo- 

Method 3 : 

Glass wires arrangements were the same as described in method 1 . In a 500 ml flask 1:3 
volume ratio of cone. HNO3 and cone. HCl was taken and the evolved NOCl gas was 
passed into the Ceo solution for 2 hours. There was no colour change of the Ceo solution 
during this period and Ceo was recovered back from the benzene solution after evacuation 
under vacuum. 

4.2.2 Synthesis of Polynitro-Polyhydroxy Buckminsterfullerenes 

Method 1 : 

Experimental set up used here was identical to that described in the section 4.2.1 (method 
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1). The only difference in this Ccise was that a three necked flask was used for gas 
generation. This third neck was kept open with a glass tube connection to get fresh air 
into the solution to oxidize nitric oxide to nitrogen dioxide, i.e. 

[NO NO2] 

The NO 2 /N 2 O 4 gas was allow to pass through the Ceo solution only through a concen- 
trated sulfuric acid bubbler to make this gas moisture free. Within 5 minutes of the 
passage of this gas purple colour of the Ceo solution changed to orange-red. Further 
passage of NO 2 gas did not change the colour, suggesting the completion of the reac- 
tion. The flask was detached from suction and gas generating systems, and 75 ml of 
hexane/pet-ether (60-80)° C was added to the orange- red solution which was kept for 5 
hours. Deep orange-red solid was separated out. The mother liquor was decanted off, 
the solid ( 1 ) was washed with hexane, vacuum dried and analyzed. 

Elemental analysis : C, 55.45%; H, 0.60%; N, 9.20%. 

IR, (KBr): 3250 (br), 1624(w), 1560 (br), 1336 (br), 1050 (br), 809 (br) cm-\ 
XPS: C ls=285.5, N ls=407 and 399, 0 ls=534 eV. 

Mass Spectra: m/z= 720 (100%), 737, 754, 768, 805. 

Method 2 : 

Into a 20 ml benzene solution of Ceo) 10 ml of concentrated HXO 3 acid was added in a 
50 ml round bottom flask. The reaction mixture was stirred with the help of a magnetic 
stirrer for 10 hours and was kept for the 6 hours. The purple colour of the benzene solution 
slowly changed to orange yellow. The benzene layer was carefully separated out and 50 
ml n- hexane/pet-ether was added into it. A yellow-orange solid was precipitated out. 
The precipitated was washed repeatedly with hexane and vacuum dried. IR spectrum of 
the solid ( 2 ) in KBr showed absorption bands at : 

IR I'max (KBr): 3300, 1635, 1565, 1330, 1010 , 800 cm'^ 



71 


4.2.3 Reaction Between Cgo and SO 2 

In a 150 ml flask, 20 mg of Ceo in 50 ml dry benzene was taken and this was purged 
with argon gas for 30 minutes. 1 gm of solid sodium dithionite and 20 ml water (argon 
purged) were added into it and the mixture was stirred for 6 hours. The predissociation, 

( S 2 O 4 ^ 2 S 02 ~) . of the dithionite ion generates the active SO^” [194]. On keeping 
this mixture for several hours, there was no change in the colour of the benzene solution 
and unreacted Cgo was recovered back from the benzene layer. 

4.2.4 Reaction Between HOCl and Cgo 

Ceo (10 mg) in toluene (50 ml) and aqueous 10“^ (M) NaOH solution (25 ml) were taken 
in a 250 ml flask. Freshly prepared CI 2 gas was passed through the aqueous layer of 
the mixture in slow rate for 30 minutes. This recation flask was kept in an ice bath to 
maintain 0 °C temperature. After 24 hours the electronic spectrum of the toluene solution 
was recorded, but optical density of Ceo at Xmax 405, 540 and 623 nm remained unchanged 
from the starting solution suggesting no reaction occurred under these conditions. 

4.2.5 Photochemical Reaction Between Cgo And O 2 

Air saturated 20 ml of benzene solution of Ceo was taken in a 50 ml round bottom flask 
which was kept for 2 days in sunlight. The progress of the reaction was monitored by 
UV-visible spectroscopy. There was no noticeable change in the absorption spectra from 
the starting solution even after two days. 

4.2.6 Reaction Between Ceo and ^02 

0.5 ml ( 20 %) H 2 O 2 was added in the reaction medium identical to that described in 
section 4 . 2.4 and progress of this reaction was monitored for 6 hours. It is known [194, 195] 
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that singlet oxygen can be produced from the reaction between hydrogen peroxide and 
hypochlorite ion in the presence of alkali as: 

H 2 O + CI 2 = 2C1- + 2 H+ + CIO" 

H 2 O 2 + CIO- = Cl- + H 2 O + ^02 

The toluene layer was separated and subjected to UV- visible spectroscopy. There was 
no change in the absorption spectrum observed from the starting solution suggesting 
no reaction between Ceo and ^02 in toluene/aqueous medium under the experimental 
conditions. 

4.3 Results and Discussion 


All the molecules and radicals tried herein to react with Ceo are well known [171] to 
react with normal olefinic carbon-carbon double bonds. The observed reactivity of these 
molecules or radicals with Ceo is schematically shown in figure 4.1. It shows that only 
concentrated HNO 3 acid and NO 2 (N 2 O 4 ) reacts with Ceo- 

The orange-red product which was obtained with the reaction of NO 2 slowly changed 
to yellow colour on exposure to laboratory atmosphere. It was observed that it was the 
moisture or the humidity that caused the colour change apparently due to hydrolysis. 
The air brought this change in colour from orange- red to yellow was contained appreciable 
quantity of HNO 2 (N 2 O 3 ) which was tested by Griess’s reagents. The product obtained 
from the nitric acid treatment of the benzene solution of Ceo apparently has similar 
composition to that of air exposed residue of the orange-red products. 

The IR spectrum of the orange-red solid (1) is reproduced in figure 4.2. In this 
spectrum the vibrations at 1560, 1336, 809 cm-^ are typical to nitro group [196]. In 
addition, the broad band around 3400-3250 cm”^ is assigned to 2 /( 011 ) and a band 
centered at 1050 cm-^ may be due to coupled i/(Cn-0) [197]. The compound 1 is soluble 
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Figure 4.2: IR spectra of the compoundl 


Relative Abundance 
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Figure 4.3: Part of the FAB ma.ss spectrum of the solid 1 


in MeCN, DMF, DMSO. This suggest that 1 is more polar than pure Ceo- It is also 
sparingly soluble in water and produce a pale yellow solution. 

The FAB mass spectrum of the compound 1 is shown in figure 4.3. It shows several 
peaks at m/z = 768, 754, 737, 720, 696, 672, 648, 638, 624 and 600. The appearance 
of peaks at 720, 696, 672, 648, 624 and 600 are interesting. These peaks correspond 
to Ceo it’s fragments with the loss of C 2 units (multiple in number) and in the 
range from Ceo to C 50 respectively. We have started the reaction with pure Ceo but it’s 
FAB mass spectrum did not show fragments with the consecutive loss of C 2 units in the 
identical conditions. The fragmentation of the compound 1 under FAB mass conditions 
can be rationalized due to oxidative degradation. The other identifiable m/z peaks at 
737, 754, 768 and 805 correspond to CeoOHj C 6 o(OH) 2 , CeoOa and C 6 o(OH )5 respectively. 
The appearance of oxygenated species, with the absence of any nitro species, suggests 
that the nitro group in the Cgo derivative degrades oxidatively with the stepwise loss of 
C 2 units. So in this oxidative degradation process it was observed that the lower even 
number fullerenes i.e Css to C 50 were extra stable. The absence of odd number fullerenes 
in this mcLSS range by oxidative degradation suggests that it is less stable compared to 
even numbered fullerenes which was earlier established by other experimental [4, 198] 
and theoretical works [5, 79]. 
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Figure 4.4: Nitrogen percentage analysis of the orange-red compound at different time 
in laboratory conditions. 

It was found to be difficult to get a fixed composition of the compound 1. This is 
caused by its rapid hydrolysis even under brief exposure to laboratory atmosphere with 
concomitant loss of nitrogen. Elemental analyses carried out on different batches of the 
compound 1 and an average composition is determined as [C6o(^02)x(OH)y] Where, x — 
6-8 and y = 7-12. For compound 2, prepared according to the procedure as described in 
the section 4.2.2 (method 2), the average composition is determined as [C 6 o(N 02 )i(OH)y] 
Where, x = 2-4 and y = 11-16. Compound 1 on exposure to air changed to (compound 
2) which is also sparingly soluble in water and its aqueous solution responded positively 
with the Griess’s dye test (method of analysis described in section in 4.1.4), confirming 
the presence of NO 2 ” ion in this solution. 

To understand the nature of the loss of nitro group attached to compound 1, the time 
dependent nitrogen analysis was performed under air exposure at various time intervals. 
In figure 4.4 the plot of nitrogen percentage against time clearly indicates that from the 
initial time of exposure to an interval of time the loss of nitrogen was rapid. However on 
longer exposure time the loss of nitrogen content did not ceases but progress at a slower 
rate. This suggests that an intermediate composition is formed very rapidly and from 
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this composition onwards the rate of denitration is sluggish. The infrared spectrum of 
compound 1 (figure 4.2) showed a weak vibration at 1624 cm”' which may be due to the 
presence of i^(NO) of the nitrito group. The reaction of olefin with N 2 O 4 /NO 2 is known 
[171] to produce nitro as well as nitrito derivatives. Thus it may be presumed that the 
addition of N 2 O 4 /NO 2 across carbon carbon double bond of Cgo may proceeds similarly 
as schematically shown bellow: 


Scheme 1 





+ 







NO2 9NO2 NO2 0 

II II 

-c C — Or. — c C — 


Compound 1 when repeatedly washed with water and quickly vacuum dried showed 
the absence of the vibration at 1624 cm” as shown in figure 4.5. Interestingly this band 
did , however, reappears on ageing suggesting the slow conversion of nitro group into 
nitrito moiety. The aliphatic nitrito group on hydrolysis transform to hydroxyl group is 
well known in organic chemistry (scheme 1). However isomerization of the nitro group 
to nitrito group is known [197] in transition metal complexes. Interestingly the mixed 
nitro and nitrito derivatives of olefin respond to the conversion of -ONO group to either 
-ONO 2 or to carbonyl moiety at ambient conditions (scheme 1). In the present case 
absence of any IR absorption band in the region of i/(C=0) ruled out the possibility of 
similar chemistry for the compound 1. 


When compound 1 was treated with a fixed volume of water and kept for 5 hours 
and centrifuged, the centrifugate responded the test of nitrite by Griess’s reagent. The 
residue left was treated with another quantum of fresh water and kept for 5 hours, 
centrifuged and the centrifugate was tested for nitrite. This process was repeated for 
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Figure 4 . 6 : Plot optical density vs washing fraction. Optical density is mecisured by 
Griess’ test. 

several times. A plot of the optical density observed for the dia.zo test (Griess’s reagent) 
vs time showed that initially the formation of HNO2 was more but after the 3 rd washing 
and onwards the optical density virtually remained constants, as shown in figure 4 . 6 . 
This observation suggests that after some time the rate of release of HNO2 from the 
compound was constant. The hydrolysis of nitrito group at the 1st washing is expected 
to be instantaneous and after the lapse of 5 hours no initially formed nitrito group would 
be expected to remain attached to Ceo moiety. The higher rate of the formation of 
HNO2 at the second stage of washing may suggest a mechanism wherein the bonded 
nitro group may isomerize to nitro group which subsequently responded to hydrolysis. 
However, the release of HNO2 became slower in subsequent washings suggesting some 
stabilization of the left out attached nitro group. And explanation for this observation 
may be viewed in the following way. Product 1 which initially comprised of nitro as 
well as nitrito functionality quickly responds to hydrolyze the attached nitrito group 
formed by the initial reactions with N2O4/NO2 similar to olefin. Once the nitrito group 
are hydrolyzed then the nitro groups isomerizes to nitrito groups which hydrolyzes in a 
slower rate depending on the rate of isomerization. Finally the reaction of the release of 
HN O2 slowed dowm sufficiently by the stabilization of the left out nitro group by hydrogen 
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bond from the adjacent hydroxyl group. These hydroxyl bonded species is very similar to 
ortho nitro phenol. Formation of this type of hydrogen bonded species restricted further 
spontaneous isomerization of nitro group. This process is schematically shown bellow. 

Scheme 2 
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In the spectrum the appearance of i/(OH) around 3250 cm~^, may be due to hydro- 
gen bonding (figure 4 . 2 ). The slow conversion of attached C„N02 to CnONO is similar 
as observed in the phase reaction [ 123 ]. 

When a mixture of Cgo in benzene with concentrated HNO3 acid was subjected 
to EPR study (in a flat quartz cell) an EPR signal was observed within a few seconds 
with the addition of HNO3 acid. A similar spectrum may be observed when NO2 gas 
was sufficiently diluted to argon was treated with a benzene solution of Ceo- The room 
temperature EPR signal of this experiments is shown in figure 4 . 7 . Under identical 
conditions blank experiments did not show any EPR signad for the presence of NOa- The 
microwave power of the instrument was increased to its limit (200 mW) and no saturation 
of the EPR signal was observed. Krusicet. al. [ 151 ] have shown that free radical addition 
of Ceo does generates finally cyclop entadienyl radical which is EPR active at the high 
microwave power (200 mW). Therefore the formation of the compound 1 using N2O4/NO2 
or HNO3 may be via an intermediate like C6o(X)s where X=N02 or ON= 0 . The observed 
EPR signal was very broad (AH=~ 200 G) which may obscure the hyperfine interaction. 
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with hydrogens the C Is core level energy is observed near 285 eV for pure Ceo and 
for polyethylenes [203]. In table 4.1 the details of the C Is peak analyses is given. At 
284.5 eV, 3% C Is binding energy has arises from the lower oxidation state of carbon, 
this indicates electron density is more in this carbon atom compared to free carbon. 
The major contribution of the C Is binding energy is appeared due to the peak 2, at 
285.20 eV (70%). This may be assigned as the bare carbons which is attached to other 
carbon centers with nitrogen and oxygen groups. The C Is peak at 285.42 eV comprise of 
10% area may presumably be originated from the attachement of bare carbon which are 
attached to carbon that containing relatively more electron withdrawing functionality 
compared to the previous situation. It is extremely difficult to quantitative assignment 
of this two peaks in a meaningful way. C Is ( 17%) binding energy at 288.54 eV has 
FWHM ~5.0 eV . This broad nature of the peak can not be account for monoxygenated or 
mononitrated species. The 3.54 eV shift, compared to C Is at 285.0 eV, can be attributed 
to the primary carbon directly attached with oxygen aud nitrogen. 

Oxygen deconvolution analyses of the compound 1 is shown in figure 4.10. It shows 
the total 0 Is binding energy comes from the the peaks at 522.2 (10%) and 531 (90%) 
eV. However when the compound was washed in water for 5 times the 0 Is peak analysis 
shows three peaks at 522.5, 531.6 and 539.9 eV, as shown in figure 4.10.b. The details 
of 0 Is peak analysis are presented in table 4.2 and 4.3. Peaks of the water washed 
compound (peak 2 of figure 4.10b) is shifted 0.6 eV in higher energy compared to the 
untreated water (peak 2 of figure 4. 10. a) and one peak comprised of 3% area (peak 3 
figure 4.10b) is appeared in the higher energy side which is absent in other case (figure 
4.10a)i This suggested that oxygen in the water washed compound is in higher oxidation 
states compared to the untreated water. IR absorption bands (figure 4.2) at ~3250 cm“^ 
indicates that hydrogen bonding most likely responsible for reduced the electron density 
over the oxygen atom. The appearance of 0 Is at ~522 eV in both the spectra suggest 
that oxygen atom is negatively charged compared to free oxygen [149]. 

The nitro groups are bonded initially with Ceo in several positions (more than twelve 
as determined from compositional analyses), thus the neighbouring oxygen atom of the 
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Figure 4 10- Peak analysis from spectral deconvolution of the 0 Is X-ray photoelectron 
spectrum of compound 1. (a) Without water treatment, (b) Washed with water. 
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nitro group (carring the negative charge) has experienced repulsion. This repulsion can 
be minimized if one -C-NO2 group is rearrange to one -C-ONO group, as shown in scheme 
2. But reason behind this slow transformation is not clear to us in this moment. 

The geometry optimization of the from MNDO method, hydrogen and halogenated 
derivatives of fullerene, by MNDO method, shows that 1,4 addition is favoured in case 
of bromo and chloro derivatives however hydrogen and fluorine derivatives of Ceo prefers 
1, 2 addition products [136, 142]. X-ray crystal structure of bromo derivatives of Cso, 
as shown in figure 1.15, also highlights the 1,4 addition of the bromine atom [140]. For 
bromine and chlorine atom, a strong eclipsing interaction is prevailed compared to smaller 
size hydrogen and fluorine atom and this eclipsing interaction is responsible for the stable 
1, 4 addition product. As nitro group is occupied more space compared to hydrogen and 
fluorine hence compound 1 should be a 1,4 addition product. 

Based on the above studies the probable mechanism of the nitration addition reac- 
tion with Ceo is proposed which is shown in figure 4.11. The mechanism (figure 4.11) 
shows that N2O4/NO2 addition with Ceo in benzene or toluene gives four kind of iso- 
mers. Isomer (I) and (II) are formed according to the normal 1,2 addition like scheme 

I. Isomer (III) and (IV) are produced by 1,4 addition of the N2O4/NO2 groups in Ceo- 

II, III and IV are rapidly hydrolyzed due to the presence of nitrito groups. (I) with an 
ally lie rearrangements (according to step 2) formed a 1,4 addition products and this on 
further rearranges produce the compound 1 which is shown in step 3 in figure 4.11. 

4.3.1 XPS PeakFit Numerical Summary 

The background coefficients has been calculated for the peak analysis by the following 
polynomials : 


Y = a + bx + cx'^ + dx^ 
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Step 3 





Figure 4 11- Reaction mechanism of NO 2 addition in Ceo- 1 is the isolated product. Her^ 
only one nitio poup is shown, but other nitro and hydroxy funot.onajity also present m 
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Table 4.1: C Is peak analysis of the compound 1. 


Peak 

Type 

Amplitude 

Center (eV) 

FWHM (eV) 

% Area 

1 

Gaussian 

4.3202752 

284.511 

1.343 

3.1146309 

2 

Gaussian 

43.746474 

285.2072 

2.978 

69.908279 


Gaussian 

13.748384 

285.4265 

1.377 

10.161675 

4 

Gaussian 

6.5474463 

288.5422 

4.804 

16.8154415 



Table 4.2: 

0 Is peak analysis. 


Peak 

Type 

Amplitude 

Center (eV) 

FWHM (eV) 

% Area 

1 

Gaussian 

4.9025525 

522.24356 

4.20 

10.672125 

2 

Gaussian 

44.350543 

531.08859 

3.8 

89.327875 


(a) Other details of the table 4.1 
Total Points; 70 Active Points : 70 

Background Order; a=3. 8730159, b=-0.013832, c=0.0003952, d=5.646xl0"® 
Curve-Fit std. Error=0. 545823555. 

Confidence Limit= 99%. 

(b) Other details of the table 4.2 
Total points; 50 Active points; 50 

Background coefficients; a=-54.2155, b=0. 0264434, c=0, d=3. 18x10"^ 
Curve-Fit std. Error=l. 2952396. 

Confidence Limit= 99%. 


(a) Other details of the table 4.3 
Total points; 51 Active points; 45 

Background coefficients: a=-ll. 04675, b=-0. 017463, c=0, d=l. 574x10"’^ 
Curve-Fit std. Error=0. 526276832 
Confidence Liniit= 99%. 
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Table 4.3: Q Is peak analysis after Weishing the compound 1 with water. 


Peak 

Type 

Amplitude 

Center (eV) 

FWHM feV) 

% Area 

1 

Gaussian 

2.1816016 

522.50969 

5.09 

13.634268 

2 

Gaussian 

17.015044 

531.69165 

3.948016 

84.033278 

3 

gaussian 

0.5035842 

539.99999 

7.4051361 

2.33224539 


4.4 Conclusions 

The molecules or radicals which we had taken in this study, as shown schematically in 
figure 4.1, are very reactive towards olefinic double bond [171]. Thus the presence of an 
unpaired electron is not sufficient to induce reactivity with the Ceo molecule and also 
indicates that carbon-carbon double bond of Ceo has low reactivity compared to the 
planar olefinic carbon-carbon double bond. Hukel molecular orbital calculation on Ceo 
molecule provide similar kind of suggestion [55]. For strong bond formation the direc- 
tional approach between two overlapping atom or molecule is most important, though 
the radicals formed on the Ceo surface is very much localized [151]. From gas phase 
structural analyses of NO and NO2 it is known that odd electron in NO2 molecule is 
more delocalized compared to the the odd electron of NO2 [205]. Possibly greater odd 
electron delocalization of the reacting partner does not form a strong bond with Ceo due 
to the the p-orbital does not form an angle 90° with the cr-orbitals and this deviation of 
the angle is necessary for the curvature conservation of the Ceo molecule [114]. In the 
reaction between the above mentioned molecules or radicals , as shown schematically m 
figure 4.1, with the normal bridged systems like acyclic and aromatic the EPR spectra 
of these bridged radicals suggested that they are consistent with pyramidal geometry at 
the bridged carbon atoms [206]. It is known that diazo-methane, azide type of radicals 
are very much reacting with Ceo and large number of derivatives of Ceo are also reported 
[99, 117]. One possible explanation for the low reactivity of sulfur di oxide radicals may 
be it is a soft Lewis acid, but in can acts also as a soft base m favorable cases [205], and 
gas phase experiment of Ceo shows it has very poor reactivity with the strong Lewis acid 
BF3 [123]. In a very recent report Smalley et. al observed SO2 gas change the Ceo colour 
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[ 31 ] but product is not isolated and characterized. From the above facts we propo.sed that 
the radical which has more a character may reacts faster than the radical of tt character. 
Low reactivity of singlet oxygen is not clear to us. 



Chapter 5 


Reactivity with Metal 

Hexa- Carbonyls (Cr, Mo and W) 


Metal-olefin complexes and a large number of metal-arene complexes have been prepared 
by the substitution of CO groups from the metal carbonyl by olefin and arene ligands 
[194, 207]. So far, most important properties of metal hexacarbonyls (metal= Chromium, 
Molybdenum, Tungsten) are their use as the starting material for a wide range of sub- 
stitution reactions, where the metal does not change its oxidation state. Heat or UV 
radiation is often used to assist the evolution of CO in these substitution reactions and 
in some cases complete substitution of CO groups occur [208, 210). These known reac- 
tions are shown schematically bellow. 

[M(C0)6] + nL ► [M(CO)6-nLn] + nCO 

Where, M = Cr, Mo, & W 

L = Mono- , bi- , tri- dentate Ligands. 

In substitution reactions d-electron configuration of the metal carbonyl fragments 
retained the essential geometric feature of the parent 18-electron carbonyl complex. 
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5.1 Experimental Section : Part-I 

5.1.1 General Conditions 

All reactions were carried out under nitrogen or argon atmosphere. Solvents were purged 
with argon or nitrogen prior to use. Moderate vacuum was employed whenever necessary. 

5.1.2 Materials 

The prepartion and isolation procedure of Ceo was described in chapter 3. Benzene, 
n- hexane, cyclohexane were distilled from sodium wire. MeCN was distilled over CaH 2 . 
Solvents were purchased from S. D. Fine Chemicals, India. Cr(C0)6 Mo(CO)6 s-nd 
W(C0)6 (E-Merck, Germany, Aldrich, USA) were purchased and used as received. 

5.1.3 Physical Measurements 

Elemental Analysis 

C, H, N analyses were done as described earlier in section 4.1.3. 

IR Spectroscopy 

The IR spectra, in KBr pellets, were recorded in the Perkin-Elmer 1600 Series FTIR 
spectrometer. Liquid IR (solvent CCU) spectra were taken in Perkin-Elmer 1800 series 
spectrometer. 

UV-visible spectroscopy 

UV-visible spectra were measured in dry and degassed solvents similarly as descnbed m 
section 3.1.2. 

X-ray Photoelectron Spectroscopy 

Instrument and operating parameters were same as mentioned in section 4.1.3. Solid 
sample was pressed on indium metal substrate at ambient conditions for recording the 
spectra. Peak analysis (simulation) of the C Is and 0 Is were done as described in section 
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4.1.3. 

Electrochemistry 

Electrochemistry was carried out using a conventional three electrode cell. A platinum 
(1 mm diameter) and glassy carbon electrode were served as working electrode and a 
platinum wire was used as the counter electrode. The reference electrode was a Ag/AgCl 
which was separated from the working solution by a fritted glass bridge (vycertip). Cyclic 
Voltammetry (CV) were performed with a BAS CV-27 analyzer. All experiments were 
carried out at 25° ± 1 ° C. The supporting electrolyte, TBACIO 4 ( TBA= Tetrabutyl am- 
monium ) was used at concentration of 0.1 M. All the redox potential data are reference 
to ferrecenium/ferrocene couple. 

Laser 

Coherent- Innova 70 cw Laser source of variable wave lengths were used. In the present 
work 514, 488 and 454 nm wave-lengths of power 800 mW/ 0.5 cm^, 900 mW/0.05 cm^, 
700 mW/0.5 cm^ respectively were used. 

Colour Filter 

Corning glass filters, Kodack LTd. USA, of variable thickness were used. 


5.2 Part-II; Reaction Methodology 
5.2,1 Synthesis of W(CO)6_x(C6o)z 

50 mg (0.06 mmol) of Ceo was taken in a 500 ml round bottom flask and dissolved it in 
150 ml dry benzene. In another 250 ml flask 106 mg 0.3 mmol) of W(CO)6 dissolved 
in 100 ml of dry benzene. Both the solution were purged with argon for an hour and 
kept in an ice bath to maintain the temperature well bellow 10 W(C0)6 solution 

was mixed with the Ceo solution under argon and the mixed solution was irradiated 
for three hours by sunlight (maintaining the temperature of the reaction vessel at a 
temperature 5 to 10 ® C). A moderate vacuum was employed in the reaction vessel 
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by water suction. The initial purple colour of the solution changed to greenish brown 
within a few minutes, which slowly changed to reddish brown after 30 minutes and 
this brown colour remained unchanged on further irradiation (~ 3 hrs). This solution 
was concentrated to 10 ml, under vacuum, and this concentrated solution was fle^h 
chromatographed (coloumn diameter 2 cm x length 5 cm) in argon atmosphere. The 
eluent was treated with n-hexane (~50 ml) till the clear solution became hazy and kept 
it in the refrigerator. On standing a reddish solid separated out in the reaction flask 
and it was filtered, repeatedly washed with n-hexane to free from the unreacted W(CO)6 
and dried in vacuum. The compound was kept under inert atmosphere in refrigerator for 
further characterization. 

Elemental analysis, C; ~ 74.2%. 

Mass (m/z)= 988, 950, 904, 750, 748, 696. 

IR (KBr); [u (cm-^)] = 2083, 1957, 1460, 1425.6, 1182.3, 1167.5, 1095.5, 1075, 1021, 952, 
935, 875, 804, 736, 700, 667.5, 616, 581, 564, 526, 484, 465, 444.6, 422, 404. 

UV-Vis; A (Benzene)= 431, 552 (br) and 655 (br) nm. Dichloromethane= 345, 435, 560 
nm. 

XPS (Binding Energy, eV); C Is = 285.7; 0 Is = 535 and W 4f7/2, W 4f5//2 = 34.6, 
36.85, 38.35 and 40.6 eV. 

5.2.2 Photochemical Reaction of Cr(CO)6 and Mo(CO)6 with 

Ceo 

On sunlight irradiation, benzene solution of [Cr(CO)6 + Ceo] [Mo(CO)6 + Ceo] 
changed initially to a light yellow colour solution, procedure adopted in this reaction same 
as described in section 5.2.1. However on long exposure precipitation appeared in both 
cases and the purple colour of Ceo in solution persisted. After centrifugation the residue 
were analyzed and found to be chromium oxide and molybdenum oxide respectively. 
The yield of these oxides varry in every batch of preparation. Blank experiments of 
M(C0)6 in benzene , where M=Cr, Mo, under identical conditions produced the similar 
colour change in the initial stage. These solution on further exposure it gave a pale 
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green (Cr) precipitate and pale brown (Mo) precipitate from the respective solution and 
characterized as chromium oxide and molybdenum oxide. This suggest that Cr(CO)6 
and Mo(CO) 6 did not react with Ceo under the condition employed herein. 

5.2.3 Thermal Reaction of Cr(CO)6, Mo(CO)6 and W(CO)6 
with Ceo 

100 mg of M(C0)6 (M = Cr, Mo and W) and 30 mg of Ceo in 250 ml toluene were refluxed 
for 24 hours but the purple colour of Ceo remained unchanged during this period. UV- 
visible spectra (optical density of Ceo is considered) of these solutions indicate that Ceo 
remained unchanged without the formation of any other species. 

5.2.4 Thermal Reaction of Cr(CO)6, Mo(CO)6 and W(CO)6 
with Cgo, in prescence of MesNO. 

Ceo (30 mg) and M(C0)6 (100 mg), where M = Cr, Mo and W, were refluxed for 24 hours 
in presence of 2 mg of N-N tri methyl N-oxide. A light green colour solution was observed, 
however UV- visible spectra of these solution suggest that Ceo was not paxticipating in 
this reaction. 


5.3 Results and Discussion 

The methodology adopted to prepare metal hexacarbonyl derivatives of Ceo s-re shown 
in figure 5.1. It shows only W(CO)e reacts with Ceo under photolytic conditions and 
produce a red brown solid. The red brown solid, prepared as described in section 5.2.1, 
is not soluble in common organic solvents like benzene, toluene, methylene chloride, 
chloroform and carbon tetra chloride, acetonitrile etc. 

The benzene solution of W(CO)6 and Ceo were irradiated using sunlight for 5, 10, 
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Figure 5.1: Scheme; reaction between the metal hexacarbonyl and Ceo 
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Wavelength (nm) 


Figure 5.2: Electronic absorption spectra; (a) Progress of the betw^ Cm and 

wfcoie in benzene on sunlight irradiation. Spectra are recorded in 5 mnutes mtervah 
(b) Spitrum of the above solution, which is continued for 1 hours and kept m, recorded 


after 24 hrs. 
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15, and 20 minutes and its UV-visiblc spectra in the respective time intervals is shown 
in figure 5.2 (a). A hyperchromic shifts of the absorption bands at 405, 540 and 620 nm 
is observed in peak 4 (figure 5.1 (a)) as compared to peak 1, without sunlight excitation. 
However, this irradiated solution on keeping for 24 hours showed a hypochromic shift of 
the band at 405 nm which is shown in figure 5.2 (b). This suggests that the complex is 
formed under present conditions, react with solvent on storage. 

The failure of the synthesis of W(CO)6-r(C6o)i in thermal conditions, as described 
in section 5.2.3 and 5.2.4, suggested that the photochemistry of W(C0)6 and/or Cgo 
are the guiding factors for the syntheses of this compounds. We were also unable to 
syntheses any derivative of Cr(CO)6-i(C6o)i and Mo(CO)6-a:(C6o)i under thermal con- 
ditions, as described in section 5.2.3 and 5.2.4. Equimoleculer mixtures of M(CO)6 , 
where M=Cr, Mo and W and Ceo were taken anerobically in benzene showed no reactiv- 
ity under ambient conditions as shown in figure 5.3 (a). However, when these solutions 
were irradiated by sunlight, the W(CO)6 containing Ceo solution changed its colour, Mo 
and Cr-hexacarbonyls do not react with Ceo under the identical conditions, as shown in 
figure 5.3 (b). This suggests that W(C0)6 has some special properties which may be 
responsiable for this reactivity with Ceo under photochemical process. 

Substitution reactions of W(CO)e with different kinds ligands are extensively studied 
and it has been suggested that the reaction can proceed either dissociative or associative 
pathway [211]. In the present case, the reaction is carried out in presence of sunlight thus 
excited state of either W(CO)6 or Ceo or both are responsiable for this reaction. Sunlight 
constitutes UV (~ 18%), visible(~ 33%) and IR (~50%) radiation of the total sunlight 
which falls on the earth, though it varies with latitude and longitude of the earth [212]. 

A benzene solution containing equivalent amount of W (CO)6 aud Ceo were irradiated 
using 514, 488 and 454 nm laser pulses separetly for 1 hour. The UV-visible spectra of 
these irradiating solutions remained unchanged from the starting ones, which is shown 
in figure 5.4. The narrow range of radiation, which cause the reaction between W(CO)6 
and Ceo in benzene solution, was identified in the following way. An assorted narrow 
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Figure 5.3; UV-visible spectra of M(C0)6, where M=Cr, Mo and W and Ceo in 

(a) At ambient conditions (b) Exposing the solutions for 45 minutes in sunlight. ( je 

shows the reactivity. 
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Figure 5.4: Electronic absorption spectra; W(C0)6 and Ceo in benzene are irradiated 
with 514, 488 and 454 nm laser pulses. 
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band pass colour Hlters of corning glass and different standardized solution filters, like 
Khasa filters etc., were used in these experiments. To prevent IR irradiation from the 
sunlight the quartz cell containing the solution, where W(CO)6 and C$o were taken in 
1:1 ratio, was immersed in cold water in each experiments. It was observed that the filter 
allowing radiation in the range 300-400 nm (filter No. 5850, Kodack LTD., USA,) only 
found to be effective for this reaction. These set of experiments were also repeated using 
a slide projector lamp. It is known, Ceo in benzene is excited to triplet state in near 
quantitative yield irrespective of 354 or 515 nm radiation and the fluoresence quantum 
yield of Ceo has been shown to be wave-length independent [88, 92, 93, 94]. The failure 
to bring the desired reaction using visible part of the radiation strongly suggests that the 
excited state of Ceo is not primarily responsiable for such reactions. 

Interestingly W(CO)6 dissociated to W(CO )5 plus CO on irradiation with light at 
~ 358 nm. Thus, it may be stated that the dissociation of W(CO)6 is the crucial step for 
the reaction. The generation of highly reactive M(CO )5 moiety containing 16 electron 
from the 18 electron M(CO)e, where M=Cr, Mo and W, generally reacts with any ligand 
or group including rare-gases [194]. Under favourable conditions, the species M(CO)sL 
thus form may subsequently lose -CO group to produce tetra or even tri-carbonyls species 
provided L contributes the essential coordination sites [205, 211]. If L is a six electron 
donors, like benzene or other arenes, in the complex M(CO)3L where L can bonded with 
the metal center in fashion [208]. 

5.3.1 Characterization of the Isolated Compound 

Mass spectra 

Incomplete combustion of pure Ceo 2 ^ud Ceo derivatives is a general phenomenon due 
to the large heat of formation value of pure Ceo [71, 72]. Prediction of the composition 
for the Ceo derivatives from elemental analysis, specially C percentage, is concluded with 
erroneous results. The carbon and XPS analyses of the compound suggest that the ratio 
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Figure 5.5: Part of the FAB Mass spectrum of the compound. 


between Ceo and W atom is 1:1. 


Part of the FAB mass spectrum of the compound is shown in figure 5.5. It comprised 
of peaks at m/z= 988, 950, 904, 750, 748, 696. The most intense peak (100%) appeared 
at m/2=720 which is due to Ceo and it appeared from the fragmentation of the parent 
compound. The peak at m/2=988, 950 and 904 showed the presence of tungesten, due to 
its isotopic distribution, and are responsiable for C6oW(CO)3 (m/z=988), C6oW(CO)OH2 
(m/z=950) and CeoW (m/z=904). Mass at m/z= 950 and 904 are possibly arises due to 
the loss of carbonyl group from the fragmentation of 988 mass peak. Hydroxy groups in 
C6 oW(CO)(OH )2 (m/z=950) may come from the fragmentation of m-nitrobenzyl alcohol. 
It is known that matrix m-nitrobenzyl alcohol fragmented in the FAB conditions and 
hydroxy groups are attached to Ceo [213, 214]. PeaJcs at 750 and 748 are assigned to 
C6 o(CO)(OH )2 and CeolCO) respectively. 


IR spectra 

The IR spectrum of the red-brown solid is shown in figure 5.6. It shows several 
vibrations at 2083, 1957, 1460, 1425.6, 1182.3, 1167.5, 1095.5, 1075, 1021, 952, 935, 875, 
804, 736, 700, 667.5, 616, 581, 564, 526, 484, 465, 444.6, 422 and 404 cm'* respectively. 
The two strong absorption bands centered at 2083 and 1975 cm-' which are typically 
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Figure 5.7; UV-visible spectrum of the compound in benzene 

due to the carbonyl stretching vibrations. For pure Ceo four IR active bands appeared at 
1428, 1181, 577 and 526 cm~^ {vide figure 3.10.) and is well matched with the reported 
spectrum [1, 83]. The appearance of new IR band at 1460, 1425.6, 1167.5, 581 and 
564 cm“^ for the compound suggested, the IR spectrum of the compound is very little 
perturbed from pure Ceo spectrum. Absence of the strong aromatic i/(C-H) vibration 
at (850-750) cm“^ suggested compound contain only Ceo attached metal-hexacarbonyl. 
The shift of i/(CO) in figure 5.6 compared to free CO (2143 cm"^ in gas phase [197] are 
60 and 186 cm“^, however in case reported C6o(CO) adsorbed species it is 8 and 15 cm 
[215]. Therefore this compound is a strongly bonded species. 

Electronic Spectra 

The electronic spectrum of the compound in benzene is shown in figure 5.7 and 
shows peaks at 431, 552 (br) and 655 (br) hm. The spectral feature of these derivatives 
are differ slightly from that of the pure Ceo, in the 450-750 nm region. Ceo bas six low 
lying molecular orbitals and its electronic transitions from HOMO to LUMO h„^ta, 
is symmetry forbidden [55]. This indicates that the coordination of Ceo with metals 
involve small perturbations of the electronic structure of Ceo- In the visible range, the 
spectrum of the compound (figure 5.7) does not differ much to that of free Ceo, possibly 
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this complex has ligand located excited states which do not differ very much from the 
free Ceo- Thus the new band around 431 nm may be due to intra ligand (Ceo) transitions. 
The intra-ligand transition of the complex, (7?®-indenyl)(CO)Ir(7/2-C6o, observed at 435 
nm [216]. The restricted solubility of these complex in large number of solvents presented 
difficulty to identify the location of absorption features in the ultra-violet region. 

5.3.2 Electrochemistry 

A mixed solvents comprising benzene and acetonitrile, in a volume ratio of 1:4.5, is used 
in this cyclic voltammetric study. In this process the stability of the complex is managed 
for the cyclic voltammetric time scale of study but on contineous cycling for thrice the 
solution become purple colour. Cyclic voltammogram of pure Ceo is shown in figure 
5.8(a) and produce three reduction peaks in the potential scale of -2.00 V, and value of 
this potential is given in table 1. 

The cyclic voltammogram of the electronegative Ceo has characteristic six reversible 
reduction potentials [103]. But the observed voltammogram of the Ceo are dependent on 
nature of the solvent, supporting electrolyte, and scan rate [101, 102, 217]. 

CV of the complex (solvent composition, scan rate and supporting electrolyte are 
identical to that of Ceo) is shown in figure 5.8b. It shows five reduction waves and one 
oxidation wave and values are presented in table 5.1. The first and second reduction 
potential of the complex are reversible in nature but its E 1/2 are shifted to ~50 mV more 
positive potential than pure Ceo- Ceo has a well defined third reduction potential at 
Ei /2 = -1.39 V. However the complex in the same potential window shows another three 
reduction potentials at (Ep^) at -1.28, -1.45 and -1.60 V. 

The W(CO)6 (30 mg) dissolved in benzene (50 ml) and the mixture was irradiated by 
sunlight for 45 minutes anerobically and CV of the blank W(C0)6 solution was recorded 
in the identical experimental set up of Ceo complex, which is shown in figure 5.9. It 
has no reduction peak as well as oxidation peak in the first cycle. However on continuous 
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Table 5.1: Peak potential of the Ceo and complex. 


Ceo, figure 5.8 (a) 


Ei /2 1st (V) 

Ei /2 2nd (V) 

Ei /2 3rd (V) 




-0.45 

-0.86 

-1.39 



Complex, figure 5.8(b) 

E,. (V) 

El/, 1st (V) 

Ei /2 2nd (V) 

E 3rd (V) 

E 4th (V) 

E 5th (V) 

+1.24 

-0.4 

-0.81 

-1.225 

-1.345 



cycling (in the 3rd cycle) shows two irreversible oxidation peaks at 0.85 V and 1.35 V. 
This suggests that the reduction events of the complex are Ceo centered and oxidation of 
the complex has metal centered. 1st, 2nd and 3rd reduction potential (table 5.1) of the 
complex suggested that Ceo moiety of the complex is reduced easily compared to pure 
Ceo- In case of monosubstituted complexes (Ph3P)2Pt(77^-Ceo) and (Et3P)2M(77^-Ceo) 
three to four sequential one electron reduction waves are observed and these are shifted 
to more negative potentials relative to Ceo [218]. Addition of more metals continues to 
lower the electron affinity of the Ceo core, with the reversible potential for [(EteP ) 2 Pt]nC 6 o 
shifting 0.36 V more in the negative direction with each metal added to n=0-4 [218]. This 
suggested that compound is a mononuclear metal center and the peak potential of this 
compound is shifted in opposite direction than the literature reported [125] Ceo metal 
derivative. Thus in this case Ceo donates it’s r electron to the metal. Hence tungsten 
atom are not bonded in the rj'^ fashion with Ceo m this compound and formation of the 
W(CO) 5 (C 6 o) in this case is quite unlikely. 

The ratio ipc/ipa of the first, second, and third reduction wave of the pure Ceo is 1- 
However ipc/ipa of the complex for the first reduction wave is 0.8 and for the second wave 
it is 1.15. This deviation of the current from pure Ceo indicates that some rearrangement 
takes place in the Ceo center of the compound in electrochemical response. 
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5.3.3 X-ray Photoelactron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements of the compounds give C Is and 
0 Is peaks at 285... and 535.. eV respectively. Peak analysis of the C Is is shown in figure 
5.10(a) and data are presented in table 5.2. It shows three peaks at 285.2 (40%), 286.0 
(35%) and 287.3 (25%) eV. The total area of the C Is arises from both Ceo and carbon 
monooxide. The peak 1 is shifted 0.2 eV in the higher binding energy side compared to 
reported free Ceo [199]. Thus 40% area of the total C Is may come from the bare carbons 
of Ceo center. The peak 2 shifted (FWHM =~2 eV) 0.8 eV compared to peak 1 in the 
higher energy side. Possibly this may arise from the -W-Ceo moiety. The large chemical 
shift 2.0 eV in the higher energy side of the C Is of peak 3 compared to peak 1 possibly 
come from the carbon atom which are directly bonded with electronegative oxygen. 

0 Is peak analysis of the compound are shown in figure 5.10 (b) and data are 
presented in table 5.2. It has three peaks at ~529.6 (8.5%), ~530.3 (5.5%) and ~532 
(85%). We are unable to predict the nature of shifting of oxygen in the compound. 

XPS of the W 4f7/2 and W 4f5/2 is shown in figure 5.11 It shows broad peaks and 
center was found at 40.6, 38.35, 36.85 and 34.6 eV. Peak center at 34.6 eV and 36.85 
eV for W 4f7/2, 4f5/2 are shifted ~0.7 eV in higher energy compared to the metallic 
tungsten (W 4f7/2, 4f5/2 = 36, 34 eV and these two peaks are separated by 2.15 eV) [204]. 
Electrochemical studies of the complex suggest that Cgo donates its electron to the metal 
center. The peak centered at 38.35 and 40.6 eV which is considerably higher for any 
metal carbon bond. The chemical shift ~4 eV against 4f7/2 is only possible if it directly 
attached with highly electronegative molecule like fluorine or oxygen. 

The prepared compound was kept in a dessicator in argon (99.8%) atmosphere 
for 4 days and IR spectrum of this compound is shown in figure 5.10. It shows new 
absorption bands compared to figure 5.6 appeared at 1021, 872, 787, 735 cm . These 
type of IR absorption bands are observed, when photolysis of M(CO)6 molecules (M— 
Cr, Mo, W) are carried out in O2 doped Ar or CH4 matrices at 10-20 K, which produce 
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Figure 5.10; XPS Peak analyses of the compound, (a) C Is (b) 0 Is. 
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Figure 5.11: XPS binding energy, W 4f7/2, W 4f5//2 of the complex. 
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Table 5.2: C Is pea! 


k summary of the compound. 


Peak 

Type 

Amplitude 

center (eV) 

FWHM (eV) 

% Area 

1 

Gaussian 

16.966202 

285.23203 

1.4359635 

39.816622 

2 

Gaussian 

11.045867 

286.05816 

1.9393552 

35.010253 

3 

Gaussian 

2.4286735 

287.27237 

6.6857117 

25.173125 


binary oxide molecules like MO 2 (M = Cr, Mo) and MO3 (M = Mo, W) via an 0 x 0 - 
caxbonyl intermediates [219, 220]. Photosensitizer Cso or Ceo derivatives convert oxygen 
to reactive oxygen like 0", Oj , Oj" in presence of light [149, 156] These highly reactive 
species, possibly formed during XPS sample preparation time or traces of oxygen in the 
sample, may be react in this complex. This oxygen attached tungsten species most likely 
responsiable for the large chemical shift of W 4f7/2, 4f5/2 at higher energy. 


5.3.4 XPS Numerical Summary 

Curve-fit analysis has been done with the following polynomial: 

y = a -t- -H cx^ -f- dx^ 

(a) Other details of the table 5.2 
Total Points: 63 Active points: 63 
Curve-Fit Std. Error= 0.354946798 

Background Coefficients: a= -10.93651, b=0.0158458, c=0, d=3.041xl0 
Confidence Limit= 99% 


(b) Other details of the table 5.3 
Total Points: 66 Active points: 60 
Curve-Fit Std. Error= 0.440157988 

Background Coefficients: a= -16.2237, b=0.0015106, c— 0, d-1.074 
Confidence Limit= 99% 





Figure 
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Table 5.3: 0 Is peak summary of the compound. 


Peak 

Gaussian 

Amplitude 

center (eV) 

FWHM (eV) 

% Area 

1 

Gaussian 

3.490671 

529.69973 

1.1810285 

8.5620426 

2 

Gaussian 

3.0134019 

530.30843 

0.8922732 

5.5785167 

3 

Gaussian 

12.28667 

531.86219 

3.368688 

85.859441 


5.3.5 IR Spectroscopy 


IR spectroscopy is the indispensable physical methods for diaracterizing metal carbonyls 
because 1 /( 00 ) stretching is generally free from coupling with other molecule and is not 
obscured by the presence of other vibrations. Studies of i/(CO) alone often provide valu- 
able information about the structure and bonding of carbonyl complexes [197]. From CV 
experiments followed by XPS it is appeared that the composition of the complex which 
we previously described as C6o:W(CO)x=l:l may be C6o:W:CO = 1:1:3. The presence 
of W(CO)s or W(C0)4 moiety in this complex can be ruled out with the experimental 
observation as well as the physico chemical studies done on the complex. 

If W(C0)5 moiety to be present to accommodate Ceo, as par 18-electron rule, the 
local structure of the carbonyl fragments must be square pyramidal or tetragonal pyrami- 
dal with C 4 v symmetry and in this case IR active modes are 2Ai-|-E. Moreover to retain 
this symmetry Ceo should have attached to the fragments by i/^-coordination. Accom- 
modation of Ceo iu apical position of the W(C 0)5 moiety will impose steric crowding to 
the CO attached to tungsten in equatorial positions and coplanarity of the equatorial 
carbonyl groups with tungesten atom is lost as well as trans CO ligands are not co-hnear 
with other axial positions. Thus most likely it will give three IR active vibration if 
W(CO)e(Ceo) is the composition of the products. The electrochemical behaviour of the 
present complex also suggest that the bonding of Ceo with tungsten is not in fashion. 

For the composition of \V(CO) 4 (C 6 o), the bonding of Ceo should be in ij" fashion to 
satisfy the 18 electron rule. For W(CO) 4 (C 6 o) the local symmetry either tetrahedral or 
tetragonal pyramidal would lead to one IR active mode of vibration for the irreducible 
representations F. or E. respectively. In both these structures accomodation of one 
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Ceo IS not possible on retaining the local symmetry as discussed just above. Thus the 
composition of the complex best described when it is W(CO) 3 (C 6 o). Support of these 
structures comes from electrochemical study as well as the appearance of the molecular 
ion peak at m/z=988 in the FAB mass spectrum as discussed above. 

The general reactivity of this complex where in it has been observed that Ceo can 
be displaced readily (judged from the development of the purple colour in solution) 
with a and tt molecules like acetonitrile, 2,2' bi-pyridyl, THF, PPha in solvents like 
benzene, methylene chloride, chloroform and carbon tetra chloride, carbon di sulfide. 
When this complex is dissolved in neat solvents like benzene, methylene chloride or 
carbon di sulfide it slowly decomposes to release Ceo- In the solid state it is relatively 
stable under inert atmosphere and at lower temperature (<5) for days but on ageing it 
slowly decomposes to yield Ceo- The trend of these reactions are similar to the general 
reactivities of [W(CO)37/®(Arene)] [210]. 

Thus the IR bands appeared at 2083 cm“^ assigned to Ai mode of vibration and 
the band at 1957 cm“^ is due to E mode of vibrations. The IR spectrum of the complex 
recorded in the expanded form in the ranges 2200-1800 cm~^ and 800-400 cm~^ are 
shown in figure 5.12 In the lower region the bands at 446-6 and 442 cm~^ are may be 
due to Ai and E modes of v (W-C) respectively. The vibration appeared in 550-600 
cm~^ region with the vibration of Ceo- The appearance of other bands strongly suggest 
reduced symmetry of the bonded Ceo- 

5.3.6 Discussion: Photochemical Reactivity of Metalhexacar- 
bonyls with Cgo Importance of the W(CO )5 Frag- 
ment. 

The shape of W(CO )5 fragment produced from the dissociation of W(C0)6 either ther- 
mally or photochemically is governed the overall geometry and stoichiometry of the 
W(CO)e-i(Ceo)x compounds. Majority reports suggested that photochenucally gener- 
ated W(CO )5 has C 4 „ structure [197, 219]. The orbital correlation diagram, as shown m 
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Figure 5.13: FTIR spectra of the compound, (a) Expanded spectrum m the carbonyl 
region, (b) Spectrum in the 800-400 cm ^ region. 
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figure 5.13(a), also suggests that low spin d® metal pentacarbonyl complexes have square- 
pyramidal geometry since its’ e-orbital lie below those of the e' orbitals of the trigonal 
bipyramidal complexes [205]. It also further indicates that W(CO )5 moiety generated 
thermally from W(CO )6 produce square-pyramidal geometry (C 4 «). The true square 
planer geometry from VSEPR prediction of the W(CO )5 moiety is not fulfilled due to it 
has an incomplete d-shell as a result it has slightly distorted from the idealized octahe- 
draly based fragment geometry and carbonyl groups bend some what towards the vacant 
octahedral site [210], as shown in figure 5.13(b). Figure 5.13 (b) shows that any bonding 
in the axial positions by Ceo operates four-strong axial-equatorial interaction between 
the TT cloud of Ceo and tt electron cloud of caxbonyl groups . This kind of structures axe 
energetically unfavourable according to VSEPR theory. This may be one of the reason 
for non- responding the thermal reactions of M(CO) 6 , where M=Cr, Mo and W with Ceo, 
as in thermal reactions square pyramidal geometry of W(CO)s is favoured [205]. This 
also suggests that the formation of 77 ^-bonding between tungesten hexacarbonyl axid Ceo 
is energetically unfavourable as indicated by CV and IR studies. 

Photosubstitution reactions are often ‘antithermal’ this means stereochemistry of 
the reaction is different from the thermal reaction [221]. Promotion of an electron in 
photochemical reaction from e to ai in square-pyramidal structure, as shown in figure 
5.14(a), leads to geometrical unstability. The geometry of five-coordination is a delicate 
balance between trigonal bipyramidal and square pyramidal, one being converted into 
the other by Berry pseudorotation [207]. The Jablonski type diagram for photosubstitu- 
tion/photoisomerization reaction’s of d® hexacoordinate complex is schematically shown 
in figure 5.14 (b). The ground electronic state ^Aig has a t 2 / electronic configuration 
and on one-electron excitation to t 23 ®ej^ yields the ^'®T 2 g excited states [208], as shown 
in. the d-orbital one-electron energy level diagram for [M(CO) 6 ] in figure 5.14 (a). The 
excited state initially formed is not necessary the one directly responsible for the ob- 
served photochemical reactions and the initial excitation is often followed by internal 
conversion to state of lower energy by inter system crossing (ISC) to state of different 
multiplicity like ^'®T 2 u often give the desired reaction for d® metal- carbonyl complex in 
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Figure 5.14; (a) Orbital correlation diagram of metal carbonyl (ref.[205]). (b) Movement 
of the d-orbital towards the vacant side ( ref. [205]) 
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Orbital Diagram 
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Figure 5.15: (a) Possible Excited state in the metal center (ref.[208]). (b) Reaction path 
for metal hexacarbonyl in photochemical reaction (ref. [222]. 
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the photochemical process [222]. 

In the identical photochemical conditions W(CO)6 reacts with Ceo but Cr(CO)6 
and Mo(CO) 6 are reluctant to react (figure 5.3) suggest possibly excited state of differ- 
ent multiplicity is responsible in this reaction. Population of the different multiplicity 
state is increased through the efficient inter-system-crossing of the excited state electron. 
As tungsten has greater spin-orbit coupling compared to chromium and molybdenum 
then geometry in the different multiplicity state is likely playing the staffer role. In the 
photochemically excited state metal-hexacarbonyl molecule distorts toward a trigonal bi 
pyramidal geometry before relaxing to the square-pyramidal ground state [222]. Thus 
the population of the trigonal bi pyramidal (Da^) structure of W(CO )5 is much greater in 
number than Mo(CO )5 and Cr(C0)5. Three equatorial CO of W(CO )5 in Dsh symmetry 
make an angle 120° with each other and Ceo can attached in the equatorial positions 
with the distortion of the CO groups from the same plane. 

The 5d-orbital of W which may also have a critical role in this reaction. The spatial 
occupancy of the d-orbital follow the order W<Mo<Cr. Thus, when d-orbital of Cr and 
Mo carbonyls come close to the Ceo molecule experience a strong repulsion compared to 
d-orbital of W due to the outer surface of large Ceo (diameter of 10 A°, [68]) covered 
by the tt electron cloud. Possibly there may be several other factors also involved in 
this photochemical process, to our knowledge possibly this is another reason, other than 
inter-system crossing as discussed above, for Cr(CO)6 and Mo(CO)e’s non participation 
in the excited state. 

As we are unable to grow single crystal of this compound, thus details of the bonding 
is not quite clear in this moment. The compound is not stable enough to record the 
^^NMR in the solution. CV, IR and general reactivity of this compound suggested that 
bonding is most likely in this complex. The stable metallocene complex is formed 
when TT orbitals of the arenes are perpendicular to the center of the benzenoid ring [223] 
however in the case of Ceo 7 r-orbital has tilted away from the center of the benzenoid 
ring, as shown bellow, 
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Thus TT-orbitals of Ceo has poorly oriented for overlap with the metal d-orbital for 
T}^ bonding. The geometry optimization studies of tj® bonding, in Cgo metal derivatives, 
suggested that Ceo can from this, bonding only with the 5d and 5f orbital [174, 
114]. Excited state of Ceo may have some role in this complex formation as preliminary 
photochemical studies suggested that in the excited state it behave like an aromatic 
molecule, viz. benzene [88, 89, 92, 93], though the excited state of Ceo is still unclear. 


5.4 Conclusions 

/ 

CV studies suggested that Ceo m the compound does not from bond with the metal 
center. Mass peak at 988 has been indicated that composition of the compound is 
[W(CO) 3 C 6 o]- CV, IR, chemical shift of C Is and general reactivity of the compound 
suggested if mode of bonding is likely in this case. Another important aspect of this 
reaction that mild irradiation is very useful for the synthesis Ceo metal-hexcarbonyl 
derivatives. 



Chapter 6 


Reactivity with Oxygen and Solvent 

A major focus of fullerene research has been directed toward the synthesis of new Ceo 
based materials that can exhibit unique physical, chemical and electronic properties. 
But the practical applications of these materials are hindered due to Cgo is not stable at 
ambient conditions [175, 176]. Ceo > s. photo chemically active molecule, has large number 
of structural isomers in the excited state which are less stable compared to icosohedron 
structure [183] and these photochemical transformation can easily achieved in presence 
of the day light. These may be one of the reasons of of Ceo’s unstability at ambient 
conditions. 

We observed on keeping Ceo in benzene for days the purple colour changes to a 
reddish blue. The time required to changed this colour is varied with the batch of 
prepaxation. In several cases, purple colour of Ceo remained unchanged for a month 
however it also observed in some cases within a week purple colour changed to reddish 
blue. When benzene solution of Ceo was irradiated with the laser pulses at 514, 488 and 
454 nm wave-lengths, of power 1600, 18000, and 1400 mW/cm^ respectively, for an hour, 
colour of the benzene solution remained imchanged [vide section 5.3). In another case 
Ceo in benzene was irradiated with sunlight (constitute 18% UV of the total sunlight 
[212]) for 2 days but the colour of the benzene solution remained unchanged during this 
period {vide section 4-2.5). It has been reported, regarding the stability of that structure 
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of Cgo is destroyed under the plioto chemical conditions [224, 22o]. On contradictory, a 
large number reports suggested that Ceo is a photo chemically stable molecule [88, 89, 92, 
226, 227]. All these experiments and observation indicates that Cgo is normally a stable 
under sunlight and laboratory conditions. 

Subsequently it has been also proposed, oxygen is the other main constituents for 
Ceo cage destruction at ambient conditions. The nature of oxygen addition with Cso 
is little known. According to Taylor and Walton, ‘the extrciordinary facility for adding 
oxygen, which is not yet understood, may find many uses, and lead to a separate field 
of fullerene chemistry’. Based on the reported results [149, 177, 178, 181, 182], [228-232] 
the possible interaction of Ceo with oxygen is schematically shown bellow. 

Scheme: 


^Cgo 1O2. 



Ceo convert triplet to singlet oxygen [88] in presence of light. To established Ceo 
or fullerenes as useful photosensitizer of oxygen for the practical application, like ph- 
todynamic therapy, catalysis in organic reaction and others, the first question need to 
be addressed is the inter action of Ceo with oxygen. The singlet oxygen reacts with 
unsaturated -C=C- bonds via three kinds of mechanisms [233]. These are dioxetane (1, 
2 cycloaddition), ene (1, 3 cycloaddition) and endoperoxide (1, 4 cycloaddition). The 
dioxetane are usually explosive and they are converted into very stable di carbonyl com- 
pounds at ambient conditions [233]. But IR spectrum of Ceo at ambient conditions do 
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not produce any strong carbonyl absorption band {vide figure 3.10) The ene reaction 
forms hydroperoxide and requires hydrogen atom to stablize the final products, thus sin- 
glet oxygen reacts with Ceo moiety and destroy the Ceo molecule via ene reaction quite 
unlikely. The reported ene reactions [226] of olefins with oxygen using photosensitizer 
Ceo fl^nd C 70 shows olefins are oxygenated with high yield and photosensitizer Ceo s-rc 
stable in the reaction mixtures. 


Tailiani et.al reported that -C=C- of the Ceo frame work reacts with ^02 to produce 
endoperoxide like C 60 O 2 and C 60 O 4 [184]. However these products are not isolated and 
characterized. The only oxygenated derivative of Ceo known is Ceo epoxide which is 
prepared by the UV irradiation in benzene solution of Ceo in oxygen atmosphere [146]. 
To our knowledge till no Ceo endoperoxide derivative is known, however ascaridol, a 
peroxide, is synthesized from the reaction between a-terpene and singlet oxygen which 
is generated in situ in the reaction mixture by using photosensitizer Ceo and C 70 [227]. 
We are unable to prepare any oxygenated derivative of Ceo with ^©2 {vide section 4-S.S) 
and Juha et. al [185] also reported that the solid Ceo is unreactive with singlet oxygen 
at ambient conditions. Thus it would be interesting to explore the reactivity of Ceo 
with oxygen in photochemical process as whether it generates singlet oxygen only or it 
transforms to oxygenated products like C 60 O 2 or C 60 O 4 which finally involve to bring the 
transformation of the substrate. 

X-ray photoelectron spectrum of air exposed Ceoj for 4 days, shows the intensity of 
the 0 Is peak is nearly same that of C Is peak [234]. These authors further suggested 
that the oxygen is not lightly adsorbed with Ceoi such as water or molecular oxygen. But 
in case of freshly prepared Ceo (after separation it is immediately analyzed), XPS shows 
Ceo is not contaminated with oxygen. 

IR spectrum of pure Ceo {vide figure 3. Iff) contains several week vibrations including 
the four characteristic IR absorption bands for pure Ceo- These week vibrations appeared 
at 2923 , 2851, 2346, 2372, 2191, 1747, 1654.2, 1538.3, 1456, 725 and 405.3 cm“^. The 
features at ~ 2930, ~2850, ~ 2330, ~1538, ~1456 cm"' are seen in almost every spectrum 
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published (35, 83, 2351 so tar. In some spectrum ~1747, and ~ 72.5 cm"' bands are also 
seen [167], The bands at -1538 and -2330 cm-> are attributed to the interaction of 
Ceo with atmospheric oxygen and CO 2 and the bands at~2930, ~2850 ~2850 and 1456 
cm-' are due to the solvent impurity. Noticebly these bands appeared at the aliphatic 
j/(C-H) region but solvent used for Ceo separation needs mainly benzene and toluene. 
However strong aromatic out of plane vibrations 7r(C-H) in the region of (700-800) cm”' 
and i/(C-H) in region of >3000 cm"' are missing in the all the spectrum [196]. Atake et.al 
[236] reported that the solvent like benzene and toluene used in the sample preparation 
are hardly removed from the sample of Ceo under vacuum even at elevated temperatures. 
This indicates that solvents are strongly trapped in Ceo- 

We observed in most cases, solid Ceo (kept for around 10 days after chromatog- 
raphy separation) was dissolved in benzene produce the characteristic purple colour of 
Ceo- When the same Ceo was kept in benzene solution for the same number of days at 
ambient conditions a reddish hue was developed and the solution became turbid. On 
fla^h chromatography the characteristic purple colour of the Ceo was regenerate from the 
clear filtrate. It indicates that solid Ceo is more stable compared to that it is keeping in 
solution, under ambient laboratory conditions. On longer time keeping Ceo in solutions, 
it slowly transform to a buflF coloured solid which settled down at the bottom of the flask. 
This observation is similar to that observation by Taylor and co-workers [175, 176]. 

X-ray structural analyses of Ceo different group of workers invariably demon- 
strated the presence of solvent molecules in Ceo lattice [68, 237. 238, 239]. The benzene 
solvated Ceo shows triclinic lattice (space group PI ) with hexgonal close packing struc- 
tures [238]. However in n- hexane solvated Ceo structure is resported to be cubic 
(space group Fm3m) with face centered cubic packing [68]. From the above discussions 
it is evident that the nature of the solvent molecule present in the lattice of Ceo mainly 
tunes the intermolecular forces in dictating the packing pattern. Quantification of this 
interaction is yet materialized due to the non availability of the structural details of pure 


unsolvated Ceo- 
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Origin of the paramagnetic center in the neutral Ceo (^A^) is a remote possibility. 
However Pace et.al [186] reported, EPR signal of Ceo is dependent on oxygen concentra- 
tion. On contrast Cox et. al. [167] reported, ether washed Ceo do not give any EPR 
signal at ambient conditions. Ceo on irradiation with light give an EPR signal [240, 241] 
and in the low temperature this EPR signal are assigned for ^Cgo [242, 243], however at 
room temperature the EPR signal of Ceo under light excitation is still ambiguous [244]. 
Dinse et. al [245] suggested that at room temperature intersystem crossing is complete 
in several nanoseconds and energy transfer make Ceo to a anion radical. 

Another possibility is the formation of a cation radical of Ceo- But its existence at 
room temperature in the solid or in solvents are not reported, to best of our knowledge. 

In gas phase [246] as well as astronomical samples [32, 33] the existence of C^o is estab- 
lished. On electrochemicl study on thin film of Ceo showed the presence of an irreversible 
oxidation at about -f 1.6 vs Fc/Fc+ [105]. However in trichloro- ethylene (TCE) solvent, 
the CV of Ceo at -10® showed an one reversible oxidation at 1.26 vs Fc/Fc’’" [247]. In 
both the studies the change in potential of the oxidation process and its irreversible and 
reversible nature of Ceo is strongly dependent on the nature of supporting electrolyte 
used as well as on the solvents. 

In the light of the above discussions it is important to investigate the role of oxygen 
as ivell as that of solvent with Ceo in greater details. The experiments to focus these 
aspects along with interaction of the results consistent with the existing knowledge are 

described below. 

6.1 Experimental Sections: Part I 

6.1.1 General Conditions 

All the reactions and experiments were performed in oven dried apparatus. Reaction 
mixtures were stirred magnetically unless otherwise specified. 
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6.1.2 Materials 

Analytical grade Benzene and Hexane were purified by washing with H2SO4, followed by 
distillation from Na- wire and CaH 2 and stored over activated molecular seive. Pure Ceo 
was prepared according to chapter 3. 

Solvents CCI4, ethanol, iso-propanol, CS 2 were distilled prior to use. 


6.1.3 Physical Measurements 


Melting Points : 

Melting points (m.p.) were determined with a uni-melt capillary melting point apparatus. 
Elemental Analysis ; 

C, H, N, analysis was done as described as section 4.1.3 


IR Spectra ; 

IR spectra were recorded on KBr pellets with the JASCO IR MODEL. Instrumental 
error is ±2 cm~^. For liquid samples neat sample was used in the Perkin Elmer 1800 


series. 


UV - Visible Spectra : 

UV-visible spectra were recorded in the dry solvent as described as 3.1.2. Band position 
in the UV region was calibrated with the standard pottasium di chromate solution. 


FAB Mass ; 

Matrix and experimental conditions were same as aa deacribed as section same aa 3.1.2 


XPS 


Instruments and operating parameters were same as section 4.1.3. The peak position 
were calibrated with the reference to Au 4f bmding energy at 84.00 eV. Peak were £ 
resolved similar as described in section 4.1.3. 


X-ray Powder Diffraction : 

X-ray powder diffraction- was performed with 
Seifert Iso Debyeflex-2002, Germany, X - ray 
were perform with ^^25 mg sample which was 


CuKa radiation (A = 1.541S A®) in Rich 
powder diffractometer. The experiment 
taken in glass slide. X-ray was generated 
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by 20 rnA/30 KV power. The chart paper speed wa. mai„tai„ed 0.6 cm/min and 26 
was scanned with a speed 0.6Vn.in. Peak position was measured with reference to the 
instrumentaJ standard silica (SiOj) peak at 20 = 28.44". Sample was vacuum dried at 
10-= tore at 150 ”C before X-ray measurements unless otherwise specified. 

The crystallite size was calculated from the Scherrer equation. 


0.9a;A 
B cos 6 b 


A = 1.542 A° 

- Bs^ , radians. 

6 = peak position. 

(6.1) 


NMR : 

Spectra were taken in a JEOL 60 MHz instruments. Chemical shifts (5) are reported in 
parts per million (ppm) down field from internal reference tetramethyl silane (TMS). Mul- 
tiplicity is indicated using the following abbreviations; s(singlet), d(doubiet), t(triplet), 
q(quartet), m(multiplet), br (broad) etc. 

EPR : 

Instruments and experimental parameter were same as section 4.3. Spin concentration 
was measured from the standard copper sulphate. Minimum detectable paramagnetic 
species is 10^^ spin/g. Concentration of the unknown paramagnetic species are calcu- 
lated according to the formula [248]: 



[sfdjAa; (scaTtg)^ GstdMstd {qY 
Astd {scan^idf GsM^ {g^f 


( 6 . 2 ) 
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[std]= Concentration of the standard sample. 

G = Gain of the signal. 

M = Modulation amplitude 

The sample and standard were recorded in the same (20 mW) microwave power. 

A = Area under the curve. 

Area under the absorption curve is proportional to the intensity of the signala and the 
approximate area is calculated from the following expressions: 

[area] oc Intensity 

and, 

Intensity oc Y'{App) 

where, 

derivative amplitude. 

AHpp = Peak to peak width. 

Computer simulation was done, in a IBM 486 PC, as follows : first draw the ex- 
perimental spectrum using commercial software (Lotus 1-2-3). The theoretical spectrum 
were drawn from the first derivative of Lorenzian and Gaussian function. 


By iteration method the theoretical spectrum was adjusted and . 200 points axe 
taken for simulation. 

The expressions used in this simulation were shown bellow: Lorenzian, 


y = 



Lorenzian Derivative, 


, 2ao(a:-ai)^^ ,x - ai 2 \ 

y = — ^ 


-2 


( 6 . 3 ) 


Gaussian, 


y = aoexp 
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Gaussian derivative, 

y ^ ezp[^ 0.5{S^)^) 

Electrochemistry : 

Electrochemistry was done similarly as described as 5 1 3 
Chromatography : 

Analytical thin layer chromatography (TLC) was performed on Merck precoated glass 
backed silica del 60F- 254, 0.25 mm plates. Visualization of the spots was effected by one 
or more of the following techniques, (a) Ultraviolet illumination (b) exposure to iodine 
vapour (c) immersion of the plate in a 10% solution of phosphomolybdic acid in ethanol 
followed by heating to ca 200°. 


6.2 Experimental Part II : Synthetic Methodology 


6.2.1 Preparation of l:l'-dihydroxy-l:l' dycyclohexyl 



Pinacolic reduction of cyclohexanone (50 gm) in dry benzene (100 ml) with course Alu- 
minium powder (7 gm) in presence of mercuric chloride (2.8 gm) was done according to 
the procedure [249]. A gel type of mass was obtained and it on further treatment with 
water (150 ml), dry benzene (250 ml) and reflux for 1/2 hour produce a thick oil in the 
benzene layer. After filtering the hot mixture and extracting the solid mass with 250 
ml of boiling benzene the united filtrate were concentrated to 250 ml. On treatment 
with 300 ml petroleum ether (40-60 °C) the resulting white solidl was collected on a 
Buchner funnel and was washed with Petroleum ether (40-60 °C) giving l:l'-dihydroxy- 
l:l'-dicyclohexyl and m.p and IR data of the 1 is well matched with the reported data 


[ 249 ]. 
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m.p 130 ° C. 

IR (neat in KBr disc.), [u cm~^] : 3410 and 2970 


6.2.2 Synthesis of Bi-l-cyclohexene-l-yl 



POCI3 




Dehydration of pinacole was done by according to the procedure [250] on a mixture of 
8 gm 1, 10 ml Phosphorus oxychloride and 100 ml dry Pyridine was moderately heated 
100 °C) for 8 hours. Then 150 ml ice cold water was added to the hot mixture with 
stirring and the solution then stirred for 30 minutes. Then the mixture was extracted 
with 250 ml n-pentane The extract was then washed with 10 % HCl, aq NaCOa and finally 
dried with Na 2 S 04 . The pentane was removed and the remaining liquid was distilled at 
0.05 mm of Hg. A light yellow mobile liquid 2 at 32°C/0.05 mm was collected. 

IR (neat in KBr disc.), [i/, cm“^] : 3020, 2975. 

iR NMR (CCI 4 ), 5(ppm) ; 0.9-1.0 (m, OH); 1.3-1.4 (m, 6 H); 1.6 (m, 8 H); 2.2 (br, 6 H)-, 
5.7 (br, s) 


6.2.3 Preparation of Peroxide, 1, 2, 3, 4, 4a, 6a, 7, 8, 9, 10 

decahydro dibenzo-o-dioxin 




5 ml 2 and 1ml (10^ M) Ceo and 20 ml CCI 4 were taken in a 50 ml flask.^ ^he- " 
irradiated using a 500 W tunge=ten lanrp at 0 ”C in presence of arr for 24 hours. 


were 
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ecu Wcos removed in vacuuo and left a thick brown colour solution 3. 

IR (crn-‘)= 3450 (br), 1650, 950. U-I NMR (CCU), 6(ppm) : 0.9-LO (m, 6H); 1.3-1.5 
(m, 6II), 2.2-2A (br, 6H), 4.6 (br) and 5.1 (br). 

6.2.4 Preparation of Cyclohexene 



4 


100 ml of orthophosphoric acid was added dropwise to 150 ml cyclohexanol according 
to the procedure’'®-^ and prepare the cyclohexene. These crude cyclohexene was further 
purified by distilled at 81-82 ° C and this product 4 were taken for further synthesis. 

IR (cm-^)= 3040, 2975. 

NMR (CCU), 5(ppm) : 1.5 (m, 4H); 2.1 (m, 2H); 5.7 (d, j=l Hz, 2H) 

6.2.5 Preparation of 3, Bromo- Cyclohexene 



~5 gm cyclohexene and 7.5 gm N-bromosuccinimide were taken in 200 ml CCl, solution 
and the mixture was refluxed at 80« C. Catalytic amount of (328 mg) AIBN was added 
into this reaction mixture and refluxed for another 3 hours. N-succinimide was removed 
from the reaction mixture by filtration. The CCU and eyebhexene was removed from 
the filtrate by fractional distiUation and left a thick yellow colour mobde bqurd Th^ 
was further distilled at at 72-77 “ C / 32-35 nun Eg and and 
liquid 5. 'H NMR (CCU). «(PP®) ■ 1-® (“> ^ ^ 
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Hz); 5.85 (cl, j=2 Hz) 


6.2.6 Preparation of Cyclohexa-1,3 diene 



Quinoline 

► 

A 



Cyclohexa-1,3 diene 6 was prepared by dehydrobromination of 3- bromocyclohexene 3 
in presence of dry quinoline at 160-170 ® C. according to the procedure [251] 

^H NMR (CCI 4 ), <5(ppm) : 1.65 (m, 2 H); 2.0 (m, 2 H); 2 . 1 (m, 2 H)i 5.65 (d, j =2 Hz); 5.85 
(d,j =2 Hz). 


6.2.7 Preparation of Norascaridol 



Ceo, CCI4 

hv. O 2 . 72 



5 mi 6 , 1 ml (lO”"* M) Ceo was taken in 25 ml CCI 4 solution and irradiation of these 
mixture was done for 72 hours. Other conditions were maintained identical to that 
described in section 6.2.3. But not observed any change of 6 in this period. 


6.3 Results and Discussion 


Gas chromatographs of Cso in CCU, 2 and It shows photosensitiser Cso converts diene to 
a new compound . as indicated horn the figure 6,1 (b) and 6.1 (c). 50% conversion of 3 
is achieved in this method. Purification of the desired compounds were not adneved as 3 
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Figure 6.2: IR spectra: {a)diene 2 and (b)reactioii mixture 3 
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(mixture) were not stable in the TLC silica-gel. However in hexane a a pink colour spot 
was observed, at 0.69, which we were ^signed as C^o spot because pure Ceo also 
produced a pmk spot i.^ n-hexane at R,=0.7l. This indicates Ceo is not degraded in this 
photolytic conditions (quantitative transformation was not carried out). The IR spectra 
of 3 and 2 are shown in figure 6.2. The absorption band of 3 at 3450, 1650 and 950 cm'^ 
, as shown in figure 6.2 (a), is absent in pure diene which is shown in figure 6.2 (b). The 
980 cm-^ band are observed typically for -0-0- linkage [197] and appearance of carbonyl 
(1650 cm-^) and hydroxy (3450 cm”^) functionality may be arises from broken peroxy 
linkage (-0-0-). Life-time of the singlet oxygen in solvent CCI4 is higher compared to 


benzene, toluene solvent [221, 253, 254]. It has been well studied that singlet oxygen react 
with 2 and converted to 3 in presence of photosensitizer methylene blue or rose bengal 
[ 252 ]. Interestingly preparation of norascaridol from cyclohexdiene need more than 9 
days in presence of methylene blue [252] . Here also we did not get any norascaridol 
within 4 days, however in this duration Ceo was present in the solution. Thus singlet 
oxygen generated from Ceo is reactive with diene not molecule itself. 


6.3.1 X-ray Photo-electron Spectroscopy (XPS) 

The benzene solution of Ceo (10“^ M) was kept for 7 days at ambient conditions and 
it was added dropwise on one side of a Indium (In) metal substrate until a thick black 
layer of Ceo was deposited on the metal surface. To remove the solvents, sample was 
kept at 10~® torr for 0 hours in the XPS chamber before insert it into the main analyzing 
chamber. The XPS spectrum of it, Ceoj shows two peaks at 285.6 for C Is and 535 eV 
for 0 Is. The appearance of similar kind of oxygen peak in the Ceo sample also earlier 
reported [234], when this author kept the solid Ceo for 4 days at ambient conditions. 

The deconvolution analysis of the C Is peak is shown in fig 6.3(a). Data of these 
analyses is presented in table 6.1. It give two absorption peaks centered at 285.57 and 
285.75 eV and the ratio of the area between these two curves is 1:8. The binding energy 
at 285.57 eV (peak 1) is assigned to pure Ceo due to its narrow full width half maxima 
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Figure 6.3: (a) Deconvolution analyses; (a) C Is and (b) 0 Is, of the XPS signal of Ceo 
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(FWHM=0.679 eV). TLhc narrow FWHM (0.65 eV), of C Is, [2.55] is the characteristic 
feature of pure Cfjo llic major contribution (88%) of the experimental C Is has came 
from the peak at 285.75 eV (peak 2). This peak is shifted to higher energy by 0.18 
eV compared to other peak. The FWHM (1.87) eV of this single peak indicates that 
carbon atom are homogeneously charged. For carbon bonded to other carbon and/or 
to hydrogen, the C Is core level energy remains near 285 eV, as it was observed in 
case of Ceo [203]. When oxygen is directly bonded to carbon the chemical shift of C Is 
binding energy varies 1-4 eV [204] in the higher energy side according to the nature of 
the bonding as discussed earlier [vide section 4-3). The small chemical shift (0.18 eV) of 
peak 2 compared to peak 1 suggested that Ceo is not strongly oxidized. 

The 0 Is peak analysis is shown in figure 6.3(b) and other details are shown in 
table 6.2. It shows, the maximum absorptions are centered at 533.6 eV (61.1%) and 534 
eV (37%). The chemical shift between these two peaks is 0.4 eV. A weak absorption at 
530.3 eV is present which are assigned for 0~, Oj" and Oj from literature [149, 256]. 
Benning et. al. [256] reported that with the increase of oxygen concentration on Ceo the 
0 Is peak at ~ 530.8 eV shifts to 533.8 eV. Two C Is peaks (figure 6.3) indicates that 
some layer of the Ceo is affected by the oxygen molecule and negatively charged oxygen 
molecule cover the Ceo molecule. 


6.3.2 Peak Fit Numerical Summary 


Peak fit has been done by the following polynomial: 

y = a +bx + cx^ + dx^ 


(a) Summary of table 6.1 
Total Points: 51, Active Points: 51 
Curve-fit Std. Error= 0.744871149 
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Peak 

Table 6. 
Type 

: C Is peak 
Amolituflp 

analysis of t 

he ageing C, 

30 - 

1 

2 

Gaussian 

Gaussian 

^9.11011748 

25.456433 

'^enler 

285.57389 

285.75147 

FWHM 

0.679726 

1.8718834 

Area 

11.492795 

88.507205 


Table 6.^ 

h 0 Is peak analvsi.<? of t 

he ageing C( 

30 * 

Peak 

Type 

Amplitude 

Center 

FWHM 

^ Area 

1 

2 

3 

Gaussian 

Gaussian 

Gaussian 

0.5871127 

12.508652 

4.1753578 

530.30985 

533.58231 

534.00374 

1.0284732 

1.5808191 

2.8629633 

1.8676494 

61.160229 

36.972121 


Background Coefficient: a=-12.59524, b=0, c=0, d=6.932xl0-'^ 
Confidence Limit= 99%. 


(b) Summary of the table 6.2 
Total Points; 71, Active Points: 57 
Curve-fit Std. Error= 0.28824098 

Background Coefficient: a=-2.94494, b=0, c=0, d=4.858xl0“^ 
Confidence Limit= 99%. 


6.3.3 IR-spectroscopy 

Chromatographically separated Ceo was dried in vacuum (at 10“^ torr at 150“ tempera- 
ture) and it was kept in a dessicator over silica gel. IR spectra of this sample was recorded 
in a month duration and its spectrum at 7th and 25th days are shown in figure 6.4. It 
was clearly evident from the figure 6.4 that the intensity of the absorption band at 1530 
cm~^ do not change during one month. The infrared spectrum of CeoO ([60]fullerene 
epoxide) is known®^** and exclude it’s presence based on the lack of lines between 770 and 
800 cm~^. 

When solid Ceo was purged in COj atmosphere for 3 hours and it IR spectrum 
shows the absorption band at 2300 cm”^ do not change. This time dependent IR studies 
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4000 3000 2000 1500 1000 600 


V (crTr**) 

Figure 6.4: IR spectra: Record after (a) after separation (b) 7 days (c) 25 days days 
Intensity of the band at 1530 cm“^ remains constant. 
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Figure 6.5: IR spectra record in presence of sunlight; (a) without exposed (b) exposed 
for 2 hours and (c) irradiation for 5 hours. 

at ambient conditions suggested that carbon carbon double bonds of Ceo are not form 
a strong bond with oxygen. CO 2 studies indicate that the band at ~ 2320 cm~^ is not 
appeared due to the interaction of atmospheric CO 2 but probably it came intrinsicly 
from the molecule itself, though reaction path of this formation is unknown to us. 

Concentrated C$o solution (~10~^M) was added dropwise on one side of a freshly 
prepared KBr pellet (~0.5 mm thickness) until a dark colour was developed. Spectra 
recorded immediately after the deposition, is shown in figure 6.5(a). This pellet was 
exposed in sunlight for 2 and 5 hours and its IR spectra , as shown in figure 6.5(b) 
and(c), shows the bands at 1538, 1428 and 1180 cm"^ are remained unchanged from the 
unexposed sample . This suggested that reactive oxygen which is produced in presence 
of light [149] not oxidize solid Ceo S'! ambient conditions. 





30 mg of Ceo, dissolve in dry benzene to remove the n-hexane impurity and evap- 
orated the solvent m vacuum and its IR spectrum shows the absorption bands at 2950 
and 2850 cm"^ are present in the same positions which is shown in figure 6.6 (a) and 
(b). Interestingly the intensity of this bands are increased slightly (intensity ratio of the 
bands are measured between the 1181 cm-^ band of Ceo and 2850 cm"' bands of the 
spectrum). When the Ceo was dissolved and simultaneously vacuum dried for 5 times 
(total time taken 16 hrs) and IR spectrum shows the intensity of the bands at 2920 and 
2850 cm ^ are increased 10 fold compared to the previous spectrum which is shown in 
figure 6.6 (a). This spectrum displayed a complicated feature around (1700-1400) cm~^ 
and assigned peaks of this spectrum are given in the table 6.3. We have used two kinds of 
aliphatic solvents, n-hexane for chromatography separation and di ethyl ether as washing 
solvent for soot and soxhlet extracted solid. Absence of i/(C-0-C) band at 1100 cm~^ 
[196] in figure 6.6 (a) for di-ethyl ether ruled out the possibility of the bond formation of 
di-ethyl ether with Ceo- Solubility measurements of Ceo ii^ various solvents {vide section 
1.8) indicates that it is not soluble in di-ethyl ether. Thus it strongly suggested that 
j/(C-H) absorption at 2950 and 2850 cm“^ do not come from the impurity of di-ethyl 
ether. With the increase in number of the solvation of Ceo in benzene, the absorption 
bands in the finger print region are increased. Thus the absorption bands at 2950 and 
2850 cm~^ are not appeared from the n-Hexane impurity. 

Interestingly the intensity of the at 1530 cm ^ band is not changed from the initial 
Cgo absorption spectrum (Figure 6.6(a) ). Broad band at 1740 cm (figure 6.6 (c)) 
indicates that carbonyl (i/(C=0)) type functionality are appeared in the Ceo molecule. 
Moreover absence of aromatic and olefinic stretching vibrations, i/(C-H) above 3000 cm , 
suggested that solvent interacts with Ceo m a very complex way. 

In stead of dissolving the Ceo ia hydrocarbon solvents, it was dissolved and dried for 
5 times in CCU (experiments are performed similarly to that of benzene solvation) and 
IR spectrum (figure 6.6(d)) shows the absence of strong v (C-Cl) stretching vibration, 
in the region of 800-700 cm'^ However the bands at 2930 and 2850 cm'^ are appeared 
with considerable intensity. Similarly when the solid Cso was dissolved twice in CSj and 
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Tabic 6.3: IR. ab.sorpt.ion band of Crq , 


Baridposition (crn~^) 

Intensity 

Assignment 

2950 

sh 

i^(C-H) Stretching 

2920 

s 

55 

2850 

m 

55 

1740-1720 

w 

i/{C=0) Stretching 

1540 

w 

C-C Ring stretch 

1460 

S 

t'(C-H) Bending 

1428 

s 

Ceo 

1370 

w 

u (C-H) Bending 

1260 

vs 

v(-C-O-C) Stretching 

1180 

8 ' 

Ceo 

1100 

vs(br) 1 

0-C-C assym. stretch 

1020 

5) 

C-O-C symmetric 

820 


not assigned 

800 



680 




its IR spectrum (figure 6.6(e)) shows the absence of strong the i/(C-S) vibration, in the 
region 1400 - 1600 cm~^ though it consisting of strong bands at 2975, 2935, 2950 and 
1650 cm"^ The reported IR spectrum of Ceo in CS 2 give a strong band in the 1400-1600 
cm“^ region [140]. We interpreted these observation, the solvent which contact first with 
the Ceo occupy the void space of the lattice are hardly removed. It further indicates that 
TT bonded solvent like CgHg, CS 2 has different role for displaying this kind of spectrum 
(figure 6.6. (c), (d) and (e)) Thus the i/(C-H) stretching vibrations observed not due to 
the aliphatic solvent impurity, instead solvents occupied in the lattice interact with the 
TT bond of Ceo in a very complex way. 


6.3.4 X-ray Powder Diffraction 

The diffraction pattern for 20 = 6 - 35° is illustrated in fi.gure 6.7. for freshly prepared 
Ceo (in this preparation n-hexane and benzene were used and soot were not washed 
with di ethyl ether). The first three reflections (111, 220 and 311) are observed with 
comparable intensity. This X-ray powder diffraction are well matched with the reported 
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2(?„6., (d(‘g) 

Measured 
d-spacing (A°) 

[— \ 

Assignment (hkl) 

r Lattice 

parameter (nm) 

)■ 

Crystallite 
size (nm) 

10.1 

8.758 




10.75 

8.230 

111 

a=14.25 


17.5 

5.068 

220 

a=14.3 


20.7 

4.291 

331 


40.5 

21.6 

4.114 

222 



27.35 

3.261 

331* 

14.21 


28.00 

3.187 

420 * 



30.8 

2.903 

422 



32.75 

2.739 

511,333 



41.75 

2.163 

533 * 

14.18 


42.25 

2.139 

622 



45.625 

1.989 

711* 

14.2 


45.665 


511* 



46.25 

640 





X-ray diffraction which recorded in synchroton radiation [257, 258]. The indexing (hkl) 
are assigned for the resolved peaks which is shown in figure 6.7 and d-spacing, lattice 
parameter and crystal size are presented in table 6.4. The indexing of this well resolved 
peaks are done herein which are shown by asterisk in table 6.4 Lattice constants 1.418 
and 1.42 A° were measured from this new assigned peaks at (533) and (711) respectively 
and are well matched with the reported value of 14.17 A° [258]. The size calculated 
from the line widths of the (111), (220) and (311) peaks is 40 ± 5 nm which is higher 
than reported 29 ± 5 nm [259] which indicates that Cgo used in this study are better 
crystalline. The lattice constant 14.18 A° implies, the mean atom to atom diameter of 
the Cgo molecule is 7.1 A® and it known with this mean to mean diameter, lattice has 
very good close packed [258]. 

This Ceo was kept in a vacuum dessicator for 7 days and before measuring the X-ray 
diffraction, the sample holder was for 45 minutes in presence of sunlight. The diffraction 
pattern of it is given in figure 6.8. Its contain extra peak compared to freshly prepared 
Ceo (figure 6.7) at 6 ,,, = 8.45, 10.15, 19.65, 19.95, 21.95 with considerable intensity. 
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other peaks are also shifted from the original position. 

The increased of diffraction line in figure 6.8 suggested that the lattice is distorted 
from the cubic form. It is known [260] that (111) and (222) peaks of the cubic foma 
are not splitted in tetragonal or orthorhombic form and $obs remains almost constant. 
Similar kind of observation also seen in cubic and tetragonal BaTiOa where 26 position of 
the (111) lines are appeared in the same position in these two crystal systems [261]. For 
monoclinic and triclinic system a greater number of reflections in 6° < 20 < 35 region 
are occurred due to the multiplicity of the cubic from greatly reduced [260]- Though 
prediction of the disoreder system is not always matched with this general observation 
of the X-ray pattern. Thus X-ray poweder pattern of figure 6.8 most likely belongs 
to a hexagonal system where (111) peaks splits into (100), (102), (101) peaks though 
(102) lines are not quite distinct in this spectrum and the intensity of (101) reflection is 
strongest in the present case. Hexagonal system thus produced is disorder system where 
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c/a = 1.3 wliich is 18% small compared to ideal hexagonal system. Measured d value, 
indexing of the hkl plane, lattice parameter and crystal lattice size are given in Table O.s! 
(220) line leinains in the the same position to that of unexposed Ceo (figure 6.7) and 420, 
422, 538, 711, 511 and 640 lines are shifted very little from figure 6.7 Peak asymmetry 
and complex nature of these lines may be arises due to the incomplete transformation of 
cubic lattice to hexagonal lattice. Quantitative estimation of this transformation is not 
taken care. 

When the C$o (separated as described in section 3.1.6 and the sample was vacuum 
dried at 10 ^ torn at 150° C for 3 hours) was kept in a drawer cover with a black paper 
for 25 days in aerobic conditions, and its X-ray diffraction is shown in the figure 6.9. The 
observed d-spacing are same as figure 6.7. 

The chromatographically separated (soot was not washed with di-ethyl ether) Ceo 
was dissolved in CS2 and vacuum dried and its X-ray diffraction is shown in figure 6.10. 
It comprised of peaks at 26 = 8.5, 9.8, 10.1, 10.75, 11.5, 17.75, 19.00, 19.75, 20.75, 22.05, 
22.4, 22.8 and 29.5 degree. In comparesion to the pure (after separation, it was not 
treated with further any solvent) Ceoi table 6.4, it consists of several new peaks at 26 
= 8.5, 9.8, 11.5, 19.00, 19.75, 22.05, 22.4 and 22.8. Intersistengly diffraction pattern, 
8<20<11 and 19<20<23, is similar to the sunlight exposed Ceo sample (figure 6.8). 

The diffraction pattern of Ceo, was washed for 15 minutes with di ethyl ether and 
vacuum dried immediately, shows (figure 6.11) peak position reamine unchanged fiomthe 
solvent untreated Ceo (figure 6.7). In figure 6.(b) X-ray diffraction of Ceo was recorded 
after solvated with 5 times in benzene which shows most of the peaks axe very week in 
intensity compared to pure Ceo suggesting its crystallinity is lost considerably. 

When the Ceo was immersed in 100 ml di ethyl ether and kept over night. X-ray 
diffraction of the dried powder shows (figure 6.11(c)) peak at 29 = 17.9, 19.0, 20.1, 20.9 
and 21.8. which is absent in the simply washed powder (figure 6.11(a)). Keeping it for 
45 minutes in the atmospheric conditions the peak at 19.0 degree is vanished and ne 
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Figure 6.9: X-ray powder pattern of Ceo taken after 25 days 
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Figure 6.10: X-ray Powder pattern of Ceo after dissolved in CS 2 . 
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peak positions are fon.ui at 17.5. 19.7.5, 20.2 and 21.8 whicU is shown in figure. 6 . 11 (d) 
and crystallinity of it, is .Iccresed compared to the earlier material. This suggested the 
solvent tr.al.<-d C„„ is less stable in X-ray conditions or laboratory conditions. 


6.3.5 Electron Paramagnetic Resonance 

Ether washed Ceo give an EPR signal in the X-band Brucker Varian ESR-300 spectrom- 
eter at ambient conditions which is shown in figure 6.12(a). Its g value calculated is 
~ 2.003 with line width (AH) ~1.8 G. When the same sample was kept for 7 days at 
ambient conditions in a closed vessel, EPR signal of it appeared, as shown in figure 6.12 
(b), with the g=~2.003, AH=1.4G and concentration of the spin is lower by a factor 
6. After 30 days from the freshly prepared sample the intensity of this EPR signal was 
found to be very poor (figure 6.12 (c)) and and concentration of the spin is lower by 80 
times than the freshly prepared sample (figure 6.12 (a)). The line shape analyses of the 
EPR signal of C 60 shows, it IS best fitted in Lorenzian than Gaussian function. The line 
shape of the EPR signal in Lorenzian function is shown in figure 6.13(a). and line width 
(AHpp) of it is 1.8 G which is large from the reported value (0.14 G) [244]. 

The ether-washed soxhlet mixture that consists of Ceo (70%), C 70 ( 20 %) and rest 
are higher fullerenes give an EPR signal, as shown in figure 6.13(b), has the g-value=~ 
2.0033 and line width (AHpp)=1.74. Line shape analyses of this signal shows it also 
best fit in Lorenzian functions. The line shape analyses of Ceo snd fuUerene mixture 
indicate, likely most of the fullerenes produce similar kind of paramagnetic species at 
ambient conditions. As higher fullerenes have also closed shell electronic configurations 
[60] like Ceo- But the appearance of paramagnetic center in fuUerene due to the oxygen 
interaction or from the triplet state of- Ceo is nof very clear from this EPR signal. Though 
AH of this signal indicates that the EPR signal is not arises due to triplet Ceo as 6E of 
the triplet Ceo is max. 0.7 G. 

Separation of macroscopic quantities of Ceo (frona chromatographically) in absence 
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Figure 6 12: EPR spectra of the solid Ceo- '9-4 GH^, mod; 1.6x1 G; Power— 20 

mW.. (a)’ Freshly prepared g=2.003, 5=1-8 G and gain 5x10^ (b) after 7 days g=2.0029 
5=1.5 G and gain 8x10^ and Spin concentration decreases by a factor 6 from (a), (c) 
Spectra recorded after 30 days where spin concentration decreses by 78% from (a), other 
parameters are same of the above, (d) At liquid Nitrogen temperature. 






6.13: (a) Si:.ulatio„ of the S^re 6,2 « 

;rum of the soxhlet mixture at i/— ~9.4 GH^, • > 

md ^H=1.7 G. 
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of light has oxporimontal limitation in our laboratory. EPR spectrum of the tulloreue soot 
(which wru, collccful in presence of air but in absence of light) shows the signal was not 
observed at modulation 1.6 G and 20 mw of power, as shown in figure 6.14(a). However 
when the modulation was increased by 10 times and at gain 5xl0\ the signal (figure 
6.14(b)) was observed with g=~2.003 and having peak to peak line width (AH)=4.4 G. 
This broad signal compared to Cso appeared possibly due to the other types of carbons 
are also present in the soot. The sample was taken out from the microw-wave cavity and 
quartz tube hold for less than a minute in presence of laboratory light and record the EPR 
spectrum which is shown in Rgure 6.14(c). It shows the signal in the same modulation and 
same microwave power is increased from the previous signal. This quartz tube containing 
the sample was kept for overnight cover with a black paper and end of tube was kept 
opened for air circulation. In another quartz tube soot was collected in the similar fashion 
and as expected signal (figure 6.15 ) was not observed at modulation 1.66 G, power 20 
mw and gain 8x10^. This experiment give the reproducible results. The sample tube was 
kept in the presence of a 500 W lamp and EPR spectrum of these samples shows (figure 
6.15(c)) the signal is increased by 190% from the initial recording, however in case of 
black covered sample signal increase to 40%. Black paper was removed and this sample 
was kept in presence of tungesten lamp for another 24 hours and the EPR signal of it 
(figure 6.14(d)) has comparable intensity that of figure 6.15(c). These results suggested 
that the light acts as catalysis in getting the EPR signal. The initial broad line width to 
finally a narrow line width suggest that more than one kind of radical produced in the 
initial stage and finally with some unknown process produced a narrow signal. 


The soot collected in the dark and covered it (in a sample tube) with a blade cover 
and record the spectrum at different time interval. The EP R spectra of it is shown in 
figure 6.16. Figure 6.16(a), (b) and (c) represents the similar kind of observation as 
discussed earlier in figure 6.14 and figure 6.15. After 72 hours the EPR signal shows 
(figure 6.16(d)), smooth line is not passed through the center position. This indicates 
also that the formation of more than one kind of radicals take place. After keeping it 
for another 48 signal is increased by 10.5% from the previous signal. On the other hand 
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(a) 




Figure 6.15: EPR spectra of the soot (a) collected same as previous figure (b) record in 
the same scale of the previous figure (c) kept 24 hours in presence of light. 
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after 24 hrs from the collection of the soot, signal is incteasoci by 64% and after keeping it 
for another 48 hrs this signal (figure 6.16(e)) is increased by 132%. This tinre dependent 
studies on the fullerene soot shows after a critical time formation of the paramagnetic 
species m the fullerene caebon center riched its linntins position. The highest intensity 
signal achieved, in the black cover sample (figure 6.16 (d)) after 96 hrs where as same 
intense signal is achieved within 24 hours on light irradiation on it. However the at liquid 
nitrogen temperature this highest intensity signal is vanished, which is shown in figure 
6.16 (f). The line shape analyses of the signal of figure 6.16 (b) and figure 6.16 (d) are 
performed m both Lorenzian and Gaussian functions, which is shown in figure 6.17. It is 
clearly shown that EPR spectrum of the fullerene soot has also approximately Lorenzian 
line shape similar to Geo- Thus the paramagnetic species are formed in the Ceo center, 
figure 6.12(a), due to the interaction of oxygen in presence of light. The g value=2.0028 
indicated, paramagnetic species are fullerene carbon center. 


Electrochemically [262], photo chemically [150] in presence of donor molecules and 
chemically generated Ceo radical anion [129] is quite extensively studied. The line width 
of Cgo is 6 G at low temperature (120 K) and increase dramatically with increase in tem- 
perature (60-80 G) at 300 K, depending on the environment). The g value is near 1.995 
and also exhibits both host and temperature dependent. Thus assignment of the narrow 
spectrum for Ceo, produced photochemically, as shown in figure 6.12(a), is unlikely. 

Kukolich and Huffman [263]reported the EPR spectrum of the Ceo cation radical 
which has narrow resonance line of g=2.0030. They produced the Ceo cation radical 
by partially dissolving the small quantities of C$o in concentrated sulfuric acid. The 
measured line widths in their spectrum is 2 G however this line widths varied with 
concentration of sulfuric acid and also in presence of fuming sulfuric acid. They get the 
minimum obtainable line widths 0.24 G in presence of fuming sulfuric acid. This result 
indicates that EPR line widths of CJo is environmental dependent like Ceo. 

Dynamics of the triplet Ceo is depended on the phase diagram of the solvent and 
above the melting point of toluene it froms a loose ion pair within an aggregate which 
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Figure 6.16; EPR spectra, soot collected in dark cover with a black paper, (a.), (b) 
measured in the identical condition of figure 6.14 (a),(b) and figure 6.15 (a),(b). (c) 
Record after 24 hours, (d) Record after 72 hours from (a) . (d) Record after 96 hours 
from (a), (e) Signal, (d), in liquid nitrogen temperature. 
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Tabic 6.6: Peak petontial and peak peparation for the first and second reduction wave 

m figure. 6. cl, 




Fir 

st reduction wave 

Second reduction wave 


Epai V 

EpcL2 V 

Epc V 

AEpl mV 

AEp2 mV 

Epa V 

Epc V 

AEp mV 

1st Scan 

0.08 

-0.46 

-0.64 

7.20 

180 

-0.75 

-0.96 

210 


4th, 8th and 13th scan. The peak positions are given in the Table 6.3 


In the 3rd scan onwards, peak current deceases gradually. After 14th cycle the peak 
current of the 1st reduction wave decrease, ip^ 60% and ip^. 70% from the peak current of 
observed in the 2nd cycle. Similarly peak current of the 2nd reduction wave is decreases 
by 77% and 68% from the second cycle. It is reported"^ that Ceo' and Ceo^" are formed 
during eletrochemical reduction and cation TBA+ form a complex C6o'‘TBA+ whidi 
deposited in the electrode surface and acts as a blocking layer on the eletroactive surface. 

In the 2nd scan onwards this Ceo film behave similarly to the reported Ceo film'*^ 
however its peak current decrease much faster rate. In the 14th cycles (total time taken 
to recorded the 14th cycle is 8 minutes) cathodic peak current of the 1st reduction 
wave decrease to 70% whereas Jehoult et. al [106] reported the same peak current has 
decreased only 27% after 25 minutes. This suggest that the Ceo film prepared at ambient 
conditions has different electrochemical behaviour. XPS, IR and EPR studies on solid 
as discussed earlier suggested oxygen from a very weak bond in the Ceo surface and 
EPR studies indicates species like is formed at ambient conditions which 

is responsible this type of electrochemical behaviour, as shown in figure 6.18(a). The 
oxidation potential at +0.8 V indicates the presence of Cgo m this species. 

The voltammogram of this oxygen adsorbed Cgo film is different from the reported 
[106] intercalated compound of Ceo because its intercalated compound with Li”^, K"^, 
Cs+, TEA-*- have a characteristic feature that it contains a large reduction peak and two 
small anodic peaks in the 1st reduction wave. Oxygen with small diameter can easily fit 
into void space of the Ceo lattice. May be solvent plays a crucial role (from IR studies it 
is observed that solvent form a strong bond compared to oxygen) to prevent the oxygen 
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Figure 6.20: Mechajiism of the Ceo film in electrochemical process, (a) At ambient 
conditions and (b) on sunlight exposure. 
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Table 6.7: Peak potential and peak separation of figure 6.18 fbl 

1 rv \ n — 2 J L 



First reduction Wave 



Second reduction wave 


Epai V 

Epc V 

AE mV 

EpaV 

EpeV 

AEmV 

2nd Scan 

niM 


640 

-0.73 

moi 

270 

3rd Scan 



530 

-0.73 


320 

4th. Scan 

-0.16 

-0.70 

540 

-0.73 


320 

8th Scan 

-0.14 

-0.74 

600 

-0.73 


330 

14th Scan 

-0.10 

-0.74 

640 

-0.74 


320 


Table 6.8: Peak potential and peak sliifts in figure 6.19(a) 



First Reduction Wave 

Second Reduction Wave 

Scan 

EpaV 

EpeV 

AE mV 

Epa V 

EpeV 

AEmV 

1 

-0.26 

-0.74 

480 

-0.62 

-1.02 

400 

2 

-0.26 

-0.66 

400 

-0.72 

-1.06 

340 

3 

-0.22 

-0.64 

420 

-0.74 

-1.06 

320 


Table 6.9: Peak potential and peak shifts in figure 6.19 (b) 



^ J. * 

First Reduction Wave 

Second Reduction Wave 

Scan 

Epa V 





AEmV 

1 


-0.66 

KB 


mijn 

320 

2 


-0.66 




300 

3 


-0.69 


^^9 

^^9 

290 

4 


-0.74 


-0.74 

-1.02 

280 

5 

BE9 

-0.94 

920 

-0.74 

-0.98 

240 
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occupancy in the the interstetial hole. Scanning tunneling micro.scopy studies, by Bard 
and coworkcrs [106] suggested that upon reduction, TBA"'' ion diffuse into the film to 
balance the negative charge of Ceo and after reoxidation TAB"*" leaves the film and by 
structural rearrangement Ceo regenerate to its initial structure. In the 2nd scan onwards 
our oxygenated Ceo film behave similarly that of the reported Ceo him but peak current 
decrease much faster rate, as discussed earlier, suggesting that oxygen adsorbed Ceo hl’^s 
are more porous than the known Ceo film. Peak shapes, peak potential and peak splitting 
of figure 6.18 (b) suggest that oxygen ‘corrodes’ the Ceo surface, itself does not diffuse 
in the film layer much and does not form an intercalated compound like small cations. 
Based on the above electrochemical response a mechanism is proposed which is shown 
in figure 6.20(a) and (b). In the continuous cycling, the Ceo-02 films (figure 6.19 (b)) 
are retained the Cio and Cgo reduced form which helps to knocked out the negatively 
charged oxygen in the reoxidation process by the known process [105]. 


Figure 6.19 is the electrochemical behaviour of the sunlight irradiated Ceo-Oa film. 
Figure 6.19 (a) is the electrochemical behaviour in 1mm diameter electrode and figure 
6.19 (b) is the same behaviour observed in a Pt-wire. These electrochemical behaviour 
were measured in continuous cycle. In both the cases, cathodic peak of the 1st reduction 
wave in the 1st cycle significantly changes from the 2nd and 3rd cycle. Table 6.8 an 
table 6.9 shows the peak splitting of the 2nd reduction wave which continuously decrease 

for 2nd and 3rd peaJc. 


The above observation indicates that stnictuial rearrangement is maximum in the 
1st reduction wave becuse Ceo ie leave out from the oxygen ion atmosphere. From Thhle 
6.4& 6.5 it is noted that reduction and r«axidation of the 2nd reduction wave occnrred 
at less negative potential. This indicates that formation of Cj? needs less metgy. e 
think that this less energy arises due to Co, has some residual’ positive charge. The 
EPR studies as discussed earlier (Vds section d.S.d) that triplet C. transfer . ener^ to 
the surrounding oxygen from an oxygen adsorbed species. On tadiation with sud^ 
the voltammogram (figure 6.19 (a) and 6.16 (b) in the 1st cycle) suggested a nega i y 
charge species [Coe OJ- , -ponsihle for the absence of the 1st cathodic peak. The 
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' ■" politic, probably due to the oxygenated spcciee ie soluble 

m eCN. This negative speces dissociate in the 2nd redaction wave as Cat is more stable 
than Ceo due to the formation of (to+ 2 )x electron system («* s«i«on UO) Based on 
the above electrochemical studies the following reaction sequence is shown in figure 6 20 


6.3.7 Electronic Spectra 

Solid Ceo after its separation was kept in ambient conditions for 7 days and the electronic 
spectrum of this ageing Ceo in MeCxN, is shown in figure 6.21 (a), shows absorption band 
at = 209, 318 nm. Pure Ceo is not soluble in MeCN [vide table 1.3) and the stability 
of this new species m this solvent indicates that the ageing Ceo is more polar compared 
to the freshly prepared Ceo- The electronic spectra of the same ageing Ceo was recorded 
in di-ethyl ether and iso propanol which are given in figure 6 . 21 (b) and (c). In case of 
isopropanol bands at 214, 260, and 357 nm appeared in the same absorption position of 
Cso in n- hexane and one absorption peak appeared at ~980 nm. Palit et. al.[ 94 ] observed 
a broad band at 800-1100 nm in ethanol during radiolysis, which they assigned for Cqq. 
In acetone this ageing Ceo produce a very broad absorption at > 600 nm. The spectrum 
in di-ethyl ether is complex in nature. Solubility of the ageing Ceo in alcohol, acetonitrile 
and di-ethyl ether strongly suggested that ageing Ceo is polar which occurred due to the 
changed polarizability of Ceo in presence of oxygen. 

A concentrated benzene solution of Ceo(10“^ M) was kept at ambient condition for 
25 days in a closed round bottom flask. The electronic spectrum of this solution, is shown 
in figure 6.22 (a), has absorption band at Xmax = 980 and 875 nm. The 980 nm band is 
very broad compared to 875 nm band. The reason for this ver\’ broad peak at 980 nm 
is not cleaj- to us. However on flash chromatography of this solution these two peaks are 
not observed as shown in figure 6.22(c) The spectral feature changed at (400-750) nm in 
benzene in the figure 6.22(b) compared to figure 3.11, is transparency of this solution is 
decreased. Ceo radical ions are prepared in low- temperature 77 K by 7 -irradiation of 
the photoinduced Ceo in different glassy matrices where C^ and Ceo absorbed at 980 
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and 1076 nm respectively [264], Gaysyna et. al [265] reported the electronic absorption 
spectra of the Ceo radical anion and cation in solid argon and argon CCI 4 matrix. They 
assigned 973 nm band for C^o '•■nd 1068 nm band for Cgo, both of which are produced by 
photoionization. Chemically [129], electrochemically [266] and photoinduced electronic 
absorption spectra of Cgo at room temperature in the common organic solvents are well 
studied and it’s value is consistent with the result published from these two groups. To 
our knowledge the electronic absorption spectra of the cationic radical of Ceo is not known 
at room temperature in solvents like benzene, toluene etc. The absorption band of Ceo 
cation is shifted ±7 nm that produced in the above two different environments. 


The aged Ceo were kept in isopropanol and acetone for 24 hours and electronic 
absorption spectrum is shown in figure 6 . 21 (d) and figure 6 . 22 (d) The band at 980 
nm in isopropanol and broad band in acetone suggested that the band arises at 980 nm 
band is invariant of the solvent properties. Thus we assigned 980 nm band of Ceo in 
benzene due to the formation of C^o- Since the first three highest occupied molecular 
orbitals of the parent Ceo are of the symmetries of hu, h^ and gg, there should be many 
lowlying electronic transitions for the radical cation of Ceo- This transitions axe symmetry 
allowed or forbidden. It has been proposed, by Bendale et. al. [267], geometry of the 
neutaral C+ has an h„ electronic configuration and must distort from ideal icosahedral 
systems. Possibly 875 nm absorption is takes place from the symmetry allowed Jahn- 

Teller distortion. 


We are unable to detect any EPR signal from C«o bennene solution at room tem- 
perature and the reason behind this is not clear to us. Table 1 presents the Csa spectrum 
In n-Hexane at different concentration. We observed that after the critical concentrat.on 
-1.370x10- M, a red shift of the band at 212 nm md 257 nm is observed. However we 
have not seen the red shift of 327 nm peek, fn absence of charge transfer conrplex proba- 
bly this shift, of the symmetry allowed transition of 212 nm and 257 nm ban s, occ r 
by a contact type interaction with lC«,....Os]- species and n-hexane. This type 
absorption of Cee with n-hexane is ^o obse^ed by leach et.al 187] Thus in pres^« 
of solvent Ceo it produced a species like lC».,..Osl--..(solvent) or [solvent Cee....0.1 
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Table 6.10: Wave-lensth o 


Ceo in n-hexane at different 


Conc.(M) 

Wave-length (nm) 

0.058x10-® 

213.5 

257 

328.5 

0.1215x10-® 

212 

257 

328.5 

0.196x10-® 

212 

257 

328.5 

0.652x10-® 

212 

257 

328.5 

0.8137x10-® 

212 

257 

328.5 

0.947x10-® 

212.5 

256.5 

328.5 

1.370x10-® 

213.5 

256 

328.5 

1.482x10-® 

214 

261 

329 

1.896x10-® 

215.5 

261 

328.5 

1.903x10-® 

216.5 

263 

328.5 

1.9980x10-® 

218 

263.5 

329 

2.215x10-® 

222 

264.5 

329 


cone. 


when ageing or Ceo is solvated. 


6.3.8 Mass Spectra 

The mass spectrum of the ether washed Ceo (after x-diffraction, figure 6.11 (c), is kept 
for another 10 days) shows mass peak at ni/z=720 has negligble intensity. The spectrum 
is shown in figure 6.23. This strongly suggested that solvent has substantial role in the 
Ceo cage destruction. From the above results we discussed the probable mechanism for 
Ceo cage destruction in the following section. 

6.3.9 Discussion: The Probable Path of Ceo degradation 

In 1986 Stone and Wales (S-T) [183] suggested a process by which number of spherodial 
isomer of Ceo is possible and it needs a simple local transformation which connects the 
ground-state structure with other isomeric forms and according to them that the motion 
of only two atoms axe required to go from one isomer to another which is shown m figure 
6.24. These transformations are thermally forbidden in the Woodwaxd-Hoffmann sense 
but photo chemically allowed. The photofragmentation spectrum of Ceo was reported by 







O’Brien OL al. (224] shortly after the original -discovery’ of the species and have proposed 
a mechanism by which defect Cso could ‘unzip’, sequentially removing 2, 4, or 6 atoms, 
but this defect form has never been experimentally observed. On the other hand, Stanton 
[268] has done an extensive study of the energetics of the mechanism proposed O’Brien 
et. al. [224], and illustrate that it is consistent with experiment. 


Raghavachari et. al. [269] have computed the quantitative evaluation of the energies 
of low-energy alternative of spherodial structures from semi-empirical (MNDO) and ab 
initio Hartree-Fock molecular orbital technique. These isomers one characteristic feature 
that presence of two or more pairs of adjacent pentagonal (figure 6.24(b)) rings unlike 
ideal icosahedron (figure 6.24(b)). Pentalene is generally regarded as antiaromatic and its 
derivatives are all reactive [270] . The energy contribution of these adjacent pentagonal 
defects making the icosahedron structure less stable by ~1 eV and the lowest energy 
alternative isomers of Ceo has C2V symmetry and lies ~2 eV higher in energy than the 
icosahedral ground state [269]. Thus only ~620 nm radiation can only alternate the 
stability. In contrast to the above proposition the XRD (figure 6.9) and IR (figure 6.4) 
are suggested that solid Ceo is stable over 1 month at ambient conditions. 


EPR (figure 6.12) indicates that the paramagnetic center of solid Ceo is decreases 
with time. X-ray diffraction study (figure 6.8) suggested that the crystal structure is 
not distorted during this period however it is neutral compared to freshly prepared Ceo- 
XPS spectrum (figure 6. 3(b)) and cyclic voltammogram of the Ceo thin fiilm suggested 
(as discussed earlier) that oxygen is negatively charged. Based on these observation 
we proposed a mechanism of oxygen interaction with Ceo ^-t ambient conditions which is 
shown in figure 6.25. It shows in the first stage, Ceo produced triplet state in the presence 
of light (the quantum yield of the triplet state is nearly one [88]). This proposition based 
on the EPR spectrum of the fullerene soot, which shows very week signal in presence of 
oxygen in the absence of light (vide figure 6.14, 6.15 and 6.16) however the intensity of 
this signal considerably increased in presence of light. 

In the second step triple Cgo transfer it energy to the surrounding oxygen molecule 



177 


Ceo 


hv 


ISC 


““TranL% " IC 60^||02 1 



♦ 

Solvent Ceo O2 

Figure 6.25: Oxygen and solvent interaction with Ceo 

and form an adsorbed species like [...Ceo "-02 ...C 60 ...OJ...] as discussed earlier via the 
formation of an intermediate like [Ceo, 6“^]. Absence of strong charge transfer complex 
with the solvent suggested that Cgo niay not from a strong bond with oxygen which is 
reflected from the binding energy of XPS {vide section 6.2.1). It is known [271] that 
macromolecule like 7 cyclodextrine [271] and [ 8 ]caliexerene [272] encapsulated the Cgo 
molecule and protects its photochemical activity. Here negatively charged oxygen may 
be playing the same role as macromolecule, by forming a clathrate layer over Ceo which 
is hinted earlier [177]. 

In presence of solvent the adsorbed oxygen pseduo-sphere whidh covered the Cgo has 
been lost. The cylic voltammogram shows (figure 6.18(b)) in the 2 nd cycle the anodic 
peak of the 1 st reduction wave is appeared in more positive potential than the reported 
thin film of Cgo which is prepared in the inert atmosphere [105]. This indicates that Cgo 
contains some residual positive charge. Therefore in the sea of solvent, ion atmosphere 
of oxygen has lost but the polarizability of Cgo molecule has changed from the pure Cgo- 
This change polarizability of Cgo influence the solvent molecules to interact which is 
shown in figure 6.25. 

Fee lattice of Cgo is transformed to hep lattice in the presence of sunlight. Molecular 
dynamics calculation by Guo et. al. [273] suggested face centered cubic (fee) packing 
is more stable than hexagonal close packing (hep), by 0.90 kcal mol . But reports 
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[274, 2ra. 276) also published regarding the coexistence of the fee and hep lattice for Ce„ 
mo ecu c. so X-ray diffraction pattern of Cm in benzene, carbon di sulfide and diethyl 
ether clearly indicates according to the nature of solvent crystal structure changes and 
this would possible if a strong intermolecular force of attraction operates between solvent 
and Cso molecule. In the absence of clear evidence for strong charge-transfer complex 
formation and still now no adequate morphology of the Cso molecule is reported from 
X-ray diffraction therefore arrangement of the C* molecule in the soHd state itself may 
highlights some inside behind this transformation. 

The interaction between the occupied solvent and Ceo in the lattice is shown in 
figure 6.26. The existence of 2 'C^o--Oj) confirmed by EPR, XPS, CV and electronic 
spectra. Due to the electron deficiency of Ceo molecule in 2, cyclohexatriene unit ( r 
electron is very much localized in the 6 MR of Ceo so it is not behave like an benzene 
molecule) of it behave more like a cyclohexadiene unit. It is well known cyclohexadiene 
can go to cycloadditions reactions (via 1, 4 addition) with arenes, alkenes and alkyenes 
in favourable conditions [270], The single crystal X-ray structure of benzene solvated 
Ceo shows rotational disorder of Ceo Is vanish [238]. This lattice is approximately a 
hexagonal close-packed arrangement separated by benzene molecules and the benzene 
rings lie parallel to the Ceo molecular surface. The distance fiom the center of the 
benzene rings to the Ceo surface is ~3.30 A°. According to this structure solution, one 
benzene molecule lie almost directly over the five membered ring of the Ceo molecule. 

This structure solution of benzene solvated Ceo indicates that benzene are properly 
oriented for cycloaddition. Thus it can go cycloaddition reaction by two ways either with 
the cyclohexadiene 3 or cyclopentadiene 4 unit of the Ceo molecule, as shown in figure 
6.26. The cyclopentadiene 4 can from by an ollylic rearrangements, and cyclopentadiene 
is very reactive towards cycloaddition both thermally and photochemically. Possibly this 
may be one of the reason that Cgo molecule get ordered as free rotation of the Cgo molecule 
is restricted due to a strong intermolecular force of attraction is operating between the 
benzene molecule and Cgo- 




Figure 6.26: Mechanism of cycloaddition with benzene and Ceo- 2 oxygenated Ceoj 3 
benzene interaction with cyclohexadine unit of Ceo, 4 benzene interaction with cyclopen- 
tadiene and 5 Oxygenated products (shown in the inset). Hydrogen positions are shown 
in the inset. 
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Figure 6.27: Transformatioii of fee to hep. A is fee, B is fee where solvent interacted 
with the Ceo atom and produce strain in the lattice. C is hexagonal system with solvated 
molecules. 




Ring Size (number of tt carbons) 

Figure 7.1: Delocalization energy vs ring size 


strate that the planar conjugated molecules which shown in figure 1.10 are not a very 
good model for the comparison of Ceo reactivity. 

The works present in chapter 6 highlights that oxygen protect the fullerene molecule 
but the nature of oxygen interaction with Ceo has still some doubt. Particularly what 
kind of radicals (how many variety?) are produced in the Ceo center. However due to the 
oxygen interaction polarizability is developed in the neutral Ceo molecule and influence 
the lattice occupied solvent (benzene) for cycloaddition reaction with Ceo- 

The poly aromatic hydrocarbons (PAH) are generated singlet oxygen"^ but mecha- 
nism of the generation of singlet oxygen is very poorly known and chemistry of the PAH 
is not well studied. Thus our assumption is Ceo’s chemical behaviour will be resemble 
some of the higher annulenes (likely 20 annulene onwards). The energy levels of [26]- to 
[30]- annulenes is closely spaced (it happened in case of Ceo also) and small ring distortion 
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could easily removed the degeneracy of the highest level in the 4n systems and thus lift, 
one of the difference between the 4n7r and (4n+2)7r series. Reported [278] delocalization 
energy per electron for the annulene type system is plotted as a function of the ring size 
which is shown in figure 7.1 suggested that the two curves converge rapidly as the ring 
size exceeds 20. Thus it will very helpful to understand the Ceo chemistry by the compar- 
ative reactivity of greater than 20 annulenes with [60]annulene having without hydrogen. 
In near future this will help to understand the annulene as well fullerene chemistry. 

Soot produced in the combustion of fuel at ambient conditions do not give appre- 
caible quantity of fullerene, though Calcot, Honmann et. al., [279, 280, 281, 282, 283, 284] 
from the soot inception kinetics suggested that all carbon atom species (fullerene) is 
present in the flame. The chapter 6 indicates that fullerene is degraded very rapidly in 
presence of light, oxygen and solvent. In the flame a large number of reactive alkenes, 
alkalynes, arenes, and PAH are formed which can attached to the fullerene moiety. This 
derivatives are easily oxidized by the reactive oxygen which are produced from the tar 
and PAH. Now it is times to think how fullerene yield will supressed m presence of arenes, 

alkenes, PAH, oxygen and others. 
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Errata 


1. Page 2 line 3, the word invented should be read as modelled. 

2. Page 3 line 4, x hexagones should be read as hexagons. 

3. Page 5 line 4, ..quite expensive for which this... should be read as 
quite ...expensive thus this... 

4. Instead .. ..hemispherical radar in page 5 line 6 read as hemisepher- 
ical radar-reflector. 

5. Page 5 line 21 , before the sentences Ceo and C 70 were detected... 
a new sentence ‘Mass spectroscopic evidence was not quite con- 
vencing for fullerene present in Shungite’ is added. 

6. Page 17 line 12, Table 1.3(ref. 33b) should be read as Table 1.3. 

7. Page 18 line 26, Napthalene should be read as Naphthalene. Page 

18 line 27, 1-Methyl napthalene should be read as 1-Methylnaphthalene. 

8. Page 18 line 28, Dimethyl napthalene should be read as Dimethyl- 
naphthalene. 

9. Page 18 line 29, 1-Phenyl napthalene should be read as 1-Phenylnaphthalene. 

10. Page 18 line 30, 1-Chloro napthalene should be read as 1-Chloronaphthalene. 

11. Page 22 line 1, structureallam should be read as structure [99]. 

12. Page 22 line 8, orbitalswudlracc should be read as orbitals [100]. 

13. Page 27, figure captions [C 6 o(OS 04 )( 4 -tert-butyl pyridine) 2 ] should 
be read as [C 6 o(Os 04 )( 4 -tert-butylpyridine) 2 ]. 

14. Page 29 line 10, [Na(crown)(THF)3]3[C6o should be read as [Na(crown)(THF)3|3[Q 

15. Page 62 line 13, siml2 should be read as ~12% 

16. Page 94 line 21, bellow should be read as below. 

17. Page 95 line 5, coloumn should be read as column. 

18. Page 95 line 26 varry should be read as vary. 

19. Page 81 Figure 4.7, dH should be read as AH 

20. Page 99 line 17, responsiable should be read as responsible. 

21. Page 102 line 11, responsiable should be read as responsible. 

22. Page 99 line 25, separetly should be read as separately. 

23. Page 102 line 5, Kodack should be read as Kodak. 

24 Page 103 line 5, tungesten should be read as tungsten. 

25. Page 106 line 3, (,»-mdeyl)(CO)Ir(.,^-C.o should be read aa (-1 - 
indeyl) (CO)Ir(r/^-C6o) • 



27. Page 134 line 2, cyclohexa-1,3 diene, should be read as cyclohexa- 
1, 3-diene. 

28. Page 140 line 14, known®^ should be read as known. 

29. Page 155 Figure 6.12 line 2, (y=1.8G should be read as AH=1.8G. 

30. Page 155 Figure 6.12 line 3, (J=1.5G should be read as AH=1.5G. 

31. Page 156 Figure 6.13 line 3, (yH=1.7G should be read as AH=1.7G. 

32. Ref. 18, 19 Fostiropolous should be read as Fostiropoulos. 

33. Ref. 35 Alvarex should be read as Alvarez. 

34. Ref. 37 Penicand should be read as Penicaud 

35. Ref. 40 Angnew should be read as Angew. 

36. Ref. 49 Groscer and Angnew should be read as Grosser and 
Angew. 

37. Ref. 57 Seizt should be read as Seitz.. 

38. Ref. 68 Kappec, M. M should be read as Kappes, M. M. 

39. Ref. 70 Passides, K. should be read as Prassides. 

40. Ref. 80/81 Taylor, R. C should be read as R. Taylor. 

41. Ref. 87 Despres, A. should be read as Dennis A.. 

42. Ref. 102 Dubosis should be read as Dubois. 

43. Ref. 109 Raghsvachari should be read as Ragha\ra.chari. 

44. Ref. 117 Isaacs, L. should be read as Isaacs, L.. 

45. Ref. 139 Hollway, J. H. should be read as Holloway. 

^6. Ref. 144 Anfew should be read as Angew. 

Ref. 238 Hirtchcock, P. B. should be read as Hitchcock. 
f. 262 Allmand, P.-M. should be read as Allemand. 

■. 265 Gaysyna, Z. should be read as Gasyna, Z. 

50. Ref. 270 Garret P. G. should be read as Garret, P. J. 
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Figure 6.22: Ceo cationic spectra (a) benzene (7504100 nm) (b) Benzene (400-750 nm) 
(a) after flash chromatography of the (a), (d) In acetone 





Chapter 7 


Highlights and Future Scope of the 
Present Work. 

The discovery, by Kratschmer et. al. [1], of a technique to produce and separate macro- 
scopic quantities of the all carbon Ceo molecule was a required first step in opening the 
door for exploring the molecular and bulk properties of this novel species. The excite- 
ment and challenge felt in exploring the emerging chemical reactivity of the Ceo 
fullerene resembles that which occurred during the development of aromatic chemistry 
last century as benzene had, for example, in the dye industry, and this phenomological 
growth has been realized because benzene undergoes electrophilic substitution of its hy- 
drogen atom but Ceo has no easily replaceable hydrogen atom. It has been great hope 
that substitution of the substituted Ceo or fullerene in near future may produce billions 
of commercial applicable compounds and so far chemical modification on the Ceo moiety 
has been achieved by the nucleophilic addition reaction. However the reactivity studies 
in the chapter 4 suggested that mere a reactive nucleophile do not form bond with the 

Ceo molecule. 

Major obstacle in the fullerene research at present is the poor yield of the starting 
material, hence researcher has been handicapped from much trial for the preparation of 
imaginati%^ derivatives. Reaction scheme presented in figure 4.1 and figure 5.1 demon- 
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